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SUMMARY 

T h i s  paper  r e v i e w s  N A S A ' s  p rogram i n  a i r c r a f t  i c i n g  r e s e a r c h  and tech -  
n o l o g y .  The program r e l i e s  h e a v i l y  on computer codes and modern a p p l i e d  phys- 
i c s  t e c h n o l o g y  i n  s e e k i n g  i c i n g  s o l u t i o n s  on  a f i n e r  s c a l e  t h a n  t h o s e  o f f e r e d  
i n  e a r l i e r  programs.  Three ma jo r  g o a l s  of t h i s  p rogram a r e  ( 1 )  t o  o f f e r  new 
approaches t o  i c e  p r o t e c t i o n ,  (2) t o  improve o u r  a b i l i t y  t o  model t h e  response 
o f  an a i r c r a f t  t o  an i c i n g  e n c o u n t e r ,  and (3) t o  p r o v i d e  improved t e c h n i q u e s  
and f a c i l i t i e s  fo r  ground and f l i g h t  t e s t i n g .  T h i s  paper  r e v i e w s  t h e  f o l l o w i n g  
program e lemen ts :  ( 1 )  new approaches t o  i c e  p r o t e c t i o n ;  (2) n u m e r i c a l  codes 
for d e i c e r  a n a l y s i s ;  ( 3 )  measurement and p r e d i c t i o n  of i c e  a c c r e t i o n  and i t s  
e f f e c t  on a i r c r a f t  and a i r c r a f t  components; ( 4 )  s p e c i a l  w ind  t u n n e l  t e s t  t ech -  
n i q u e s  fo r  r o t o r c r a f t  i c i n g ;  ( 5 )  improvements o f  i c i n g  w ind  t u n n e l s  and 
r e s e a r c h  a i r c r a f t ;  (6) ground d e i c i n g  f l u i d s  used i n  w i n t e r  o p e r a t i o n ;  ( 7 )  fun- 
damenta l  s t u d i e s  i n  i c i n g ;  and ( 8 )  d r o p l e t  s i z i n g  i n s t r u m e n t s  f o r  i c i n g  c l o u d s .  

INTRODUCTION 

The i c i n g  p rob lem i s  r e c e i v i n g  more a t t e n t i o n  t o d a y  t h a n  i t  has i n  any 
o t h e r  p e r i o d  o f  t h e  l a s t  25  y e a r s .  For example, a t  t h e  NASA Lewis  Research 
C e n t e r ,  t e s t i n g  a c t i v i t y  i n  t h e  I c i n g  Research Tunnel ( I R T )  has i n c r e a s e d  
s t e a d i l y  o v e r  t h e  p a s t  10 y e a r s ,  and i n  1988 t h e  I R T  l ogged  1330 h r  of t e s t  
t i m e ,  wh ich  i s  t h e  h i g h e s t  annual  usage on  r e c o r d  s i n c e  1950. 

There a r e  many reasons  f o r  t h e  c u r r e n t  i n t e r e s t  i n  i c i n g :  ( 1 )  t h e  more 
e f f i c i e n t ,  h i g h  by-pass r a t i o  eng ines  of t o d a y  and t h e  advanced t u r b o p r o p  
eng ines  o f  tomorrow have l i m i t e d  b l e e d  a i r  f o r  i c e  p r o t e c t i o n ,  so t h e  a i r -  
f ramers  a r e  s e e k i n g  more e f f i c i e n t  systems; (2) a i r f o i l  d e s i g n e r s  d o  n o t  want 
t h e i r  
modern, h igh-per fo rmance s u r f a c e s  con tamina ted  w i t h  i c e ,  so t h e y  a r e  i n t e n s i -  
f y i n g  p r e s s u r e  t o  deve lop  i c e  p r o t e c t i o n  systems t h a t  m i n i m i z e  r e s i d u a l  i c e  
and t h e r e b y  a l l o w  t h e  a i r f r a m e r  t o  keep a i r f o i l  s u r f a c e  a r e a  t o  t h e  minimum; 
(3) new m i l i t a r y  a i r c r a f t  r e q u i r i n g  a l l - w e a t h e r  c a p a b i l i t y  a r e  c u r r e n t l y  under  
development ;  ( 4 )  some e x i s t i n g  m i l i t a r y  a i r c r a f t ,  b e i n g  used p r i m a r i l y  fo r  
t r a i n i n g  m i s s i o n s ,  a r e  e x p e r i e n c i n g  f o r e i g n  o b j e c t  damage (FOD) due t o  i c i n g  
c o n d i t i o n s  t h e y  would n o t  n o r m a l l y  encoun te r  i n  combat; ( 5 )  d e s i g n e r s  o f  h i g h  
per formance m i l i t a r y  a i r c r a f t  want t o  a v o i d  b u r d e n i n g  t h e  a i r c r a f t  w i t h  i c e  
p r o t e c t i o n ,  so t h e y  want t o  know where and how much i c e  w i l l  b u i l d  on  t h e  a i r -  
c r a f t  and whether  t h e  aeroper fo rmance p e n a l t i e s  a r e  a c c e p t a b l e ;  ( 6 )  d e s i g n e r s  
o f  f u t u r e  h i g h  per fo rmance a i r c r a f t  w i t h  r e l a x e d  s t a t i c  s t a b i l i t y  need t o  
know how t h e i r  a i r c r a f t  w i l l  p e r f o r m  w i t h  con tamina ted  aerodynamic s u r f a c e s ;  
( 7 )  l i t t l e  i s  known abou t  t h e  e f f e c t s  of i c e  a c c r e t i o n  on  t h e  o p e r a t i o n  and 
per formance o f  advanced t u r b o p r o p s ,  and whether  or  n o t  i c e  p r o t e c t i o n  w i l l  be 
r e q u i r e d ;  and ( 8 )  t h e  FAA has c e r t i f i e d  o n l y  one c i v i l i a n  h e l i c o p t e r  f o r  f l i g h t  
i n t o  f o r e c a s t e d  i c i n g ,  wh ich  i m p l i e s  a s t r o n g  need f o r  s u p p o r t  o f  h e l i c o p t e r  
i c i n g .  



N A S A ' s  i c i n g  program was first r e v i e w e d  i n  1983 ( R e f .  1 ) .  Many e lemen ts  
of t h e  e a r l y  program a r e  s t i l l  i n  p r o g r e s s ,  and t h e y  a r e  b r o u g h t  up t o  d a t e  i n  
t h i s  paper .  Some new e lements  have been added, t h e  most n o t a b l e  ones b e i n g  t h e  
f o l l o w i n g :  i c e  p r o t e c t i o n  systems based on e l e c t r o - m e c h a n i c a l  impu lses ;  e f f e c t s  
of ground d e i c i n g  f l u i d s  on  w ing  aerodynamic per fo rmance d u r i n g  t a k e o f f ;  
upgrades and enhancements t o  t h e  LEWICE i c e  a c c r e t i o n  p r e d i c t i o n  code; a p p l i -  
c a t i o n s  of v i s c o u s  flow codes to  t h e  i c i n g  prob lem;  e x p e r i m e n t a l  o b s e r v a t i o n s  
of t h e  i c e  a c c r e t i o n  p rocess ;  and s t r u c t u r a l  and adhes ive  p r o p e r t i e s  of impac t  
i c e .  

O the r  r e v i e w  a r t i c l e s  have been p u b l i s h e d  on  p a r t s  o f  t h e  NASA a i r c r a f t  
i c i n g  program. Reference 2 ,  p u b l i s h e d  i n  1984, gave an account  o f  o u r  a i r -  
c r a f t  i c i n g  a n a l y s i s  a c t i v i t i e s  ( a n a l y t i c a l  and e x p e r i m e n t a l ) .  Seve ra l  r e v i e w  
papers  ( R e f s .  3 t o  5 )  were p u b l i s h e d  i n  1988. Reference 3 gave an update  of 
o u r  i c i n g  a n a l y s i s  a c t i v i t i e s  f o r  i c e  a c c r e t i o n  on  u n p r o t e c t e d  a i r f o i l s .  Ref- 
e rence 4 rev iewed  our a n a l y t i c a l  mode l i ng ,  w ind  t u n n e l  exper imen ts ,  and f l i g h t  
t e s t i n g  and showed how t h e y  s u p p o r t  o u r  goa l  o f  mode l i ng  t h e  e f f e c t  of i c i n g  
on  t h e  whole a i r c r a f t .  Reference 5 r e v i e w e d  t h e  n u m e r i c a l  codes t h a t  model 
t h e  t r a n s i e n t  per fo rmance o f  e l e c t r o t h e r m a l  d e i c i n g  systems.  

T h i s  paper  a t t e m p t s  t o  p r e s e n t  t h e  f u l l  scope o f  N A S A ' s  e x t e n s i v e  program 
i n  a i r c r a f t  i c i n g  r e s e a r c h  and t e c h n o l o g y .  Three ma jo r  g o a l s  of t h i s  p rogram 
a r e  ( 1 )  t o  o f f e r  new approaches t o  i c e  p r o t e c t i o n ,  ( 2 )  t o  improve o u r  a b i l i t y  
t o  model t h e  response o f  an a i r c r a f t  t o  an i c i n g  e n c o u n t e r ,  and ( 3 )  t o  p r o v i d e  
i m p r o v e d  techn iques  and f a c i l i t i e s  f o r  ground and f l i g h t  t e s t i n g .  

For s e v e r a l  yea rs ,  t h e  Federa l  A v i a t i o n  A d m i n i s t r a t i o n  ( F A A )  has c o n t r i -  
b u t e d  f i n a n c i a l  s u p p o r t  t o  t h e  NASA i c i n g  program, e s p e c i a l l y  i n  t h e  areas  of 
i c e  a c c r e t i o n  mode l i ng ,  c l o u d  d r o p l e t  i n s t r u m e n t a t i o n  e v a l u a t i o n  and c a l i b r a -  
t i o n ,  and i c i n g  s c a l i n g .  

ICE PROTECTION SYSTEMS 

S i n c e  t h e  m id  1 9 5 0 ' s ,  j e t  t r a n s p o r t s  have k e p t  t h e i r  c r i t i c a l  l i f t i n g  su r -  
faces and eng ine  i n l e t s  c o m p l e t e l y  c l e a r  o f  i c e  by emp loy ing  h o t  a i r  a n t i - i c i n g  
systems.  B u t  more r e c e n t l y ,  as j e t  eng ine  m a n u f a c t u r e r s  have begun i n c r e a s i n g  
eng ine  b y - p a s s - r a t i o s  t o  a c h i e v e  h i g h e r  e f f i c i e n c i e s ,  t h e  eng ine  c o r e s  have 
become s m a l l e r  and t h e  amount o f  h o t  b l e e d  a i r  a v a i l a b l e  f o r  a n t i - i c i n g  has 
shrunk  s i g n i f i c a n t l y  ( F i g .  1 ) .  To cope w i th  t h i s  loss o f  b l e e d  a i r ,  a i r f r a m e r s  
a r e  ( 1 )  e l i m i n a t i n g  i c e  p r o t e c t i o n  from s e l e c t e d  components, or  ( 2 )  d e v e l o p i n g  
t h e  more e n e r g y - e f f i c i e n t  d e i c i n g  systems t h a t  r e q u i r e  some b u i l d u p  of i c e  
be fo re  a c t i v a t i o n .  H e l i c o p t e r s ,  genera l  a v i a t i o n ,  and l i g h t  t r a n s p o r t  a i r -  
c r a f t ,  a l l  w i t h  r e l a t i v e l y  sma l l  p a y l o a d  f r a c t i o n s  and low power m a r g i n s ,  have 
a lways  r e l i e d  h e a v i l y  on  t h e  more e f f i c i e n t  d e i c i n g  s y s t e m s .  

I Always i n  demand a r e  new i c e  p r o t e c t i o n  systems t h a t  can o f f e r  any of t h e  
f o l l o w i n g  improvements:  l ower  w e i g h t ,  l o w e r  power consumpt ion,  more e f f e c t i v e  
i c e  remova l ,  more r e l i a b l e  o p e r a t i o n ,  more e a s i l y  r e t r o f i t t e d  t o  e x i s t i n g  com- 
ponen ts ,  s m a l l e r  a e r o  p e n a l t i e s ,  lower main tenance costs or l o w e r  manufac tur -  
i n g  c o s t s .  NASA has s e l e c t i v e l y  suppor ted  t h e  development  o f  i c e  p r o t e c t i o n  
systems, w i t h  emphasis on t h e  more e f f i c i e n t  d e i c i n g  s y s t e m s .  

tems a r e  those  t h a t  employ e l e c t r o - m e c h a n i c a l  impu lses .  T y p i c a l l y ,  t h e  power 
Next  t o  pneumat ic  d e i c e r  b o o t s ,  t h e  most e f f i c i e n t  mechan ica l  d e i c i n g  sys- 
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r e q u i r e d  fo r  e l e c t r o - m e c h a n i c a l  d e i c i n g  i s  about  one p e r c e n t  o f  t h a t  used for  
e v a p o r a t i v e  a n t i - i c i n g .  E lec t ro -mechan ica l  d e i c e r s  use abou t  as much power as 
t h e  a i r c r a f t ' s  l a n d i n g  l i g h t s .  

Three d e i c i n g  systems emp loy ing  e l e c t r o - m e c h a n i c a l  impu lses  have been sup- 
These a r e  ( 1 )  t h e  E l e c t r o - E x p u l s i v e  S e p a r a t i o n  System ( E E S S ) ,  p o r t e d  by  NASA. 

( 2 )  E l e c t r o m a g n e t i c  Impu lse  D e i c e r s  ( E I D I ) ,  and (3) Eddy C u r r e n t  R e p u l s i o n  
D e i c e r  Boots (ECRDIB). A l l  t h r e e  o f  these  systems a r e  e n e r g i z e d  b y  r a p i d l y  
d i s c h a r g i n g  a c a p a c i t o r  t h r o u g h  e l e c t r i c a l  conduc to rs  whose c u r r e n t s  s e t  up 
o p p o s i n g  magne t i c  f i e l d s  t h a t  f o r c e  t h e  conduc to rs  r a p i d l y  a p a r t .  
d i s c h a r g e  p u l s e ,  a f r a c t i o n  o f  a m i l l i s e c o n d  i n  d u r a t i o n ,  i m p a r t s  an i m p u l s i v e  
force t o  t h e  i c e  t h a t  s h a t t e r s ,  debonds, and e x p e l s  i t  from t h e  s u r f a c e .  The 
r e q u i r e d  power s u p p l i e s  and s w i t c h i n g  c i r c u i t r y  a r e  n e a r l y  i d e n t i c a l  for t h e  
t h r e e  systems.  

The s h o r t  

E l e c t r o - E x p u l s i v e  S e p a r a t i o n  S y s t e m  

The EESS system was i n v e n t e d  and p a t e n t e d  by M r .  L .  A .  H a s l i m  of t h e  
NASA Ames Research C e n t e r ,  Mo f fe t t  F i e l d ,  CA ( U . S .  P a t e n t  No. 4,690,353; 
September 1 ,  1987) .  Though i t  has undergone o n l y  l i m i t e d  i c i n g  t e s t i n g  t o  
d a t e ,  i t  appears t o  be an e f f e c t i v e  d e i c e r .  
t i v e  for remov ing  t h i n  l a y e r s  o f  i c e .  
v e r y  t h i n  l a y e r s  o f  i c e  have b u i l t  up, wh ich  shou ld  m i n i m i z e  t h e  a e r o p e r f o r -  
mance pena l  t i e s  caused by i c e  accumula ted  between a c t i v a t i o n s  or by  r e s i d u a l  
i c e  l e f t  a f t e r  a c t i v a t i o n .  Because i t  can be e a s i l y  manu fac tu red  as a t h i n  
b o o t  and e a s i l y  r e t r o f i t t e d  by bond ing  t o  t h e  o u t s i d e  o f  any component, sev- 
e r a l  companies a r e  i n t e r e s t e d  i n  a p p l y i n g  i t  t o  b o t h  c i v i l i a n  and m i l i t a r y  
a i r c r a f t .  

I t  seems t o  be e s p e c i a l l y  e f fec-  
Thus t h e  EESS can be a c t i v a t e d  a f t e r  

A s  shown i n  F i g .  2 t h e  EESS conduc to rs  a r e  a r ranged  as a s e r i e s  of U-shaped 
r i b b o n s  such t h a t  t h e  c u r r e n t  flows i n t o  one l e g  o f  t h e  U and o u t  t h e  o t h e r .  
When t h e  c a p a c i t o r  d i s c h a r g e s  i n t o  t h e  r i b b o n ,  t h e  oppos ing  c u r r e n t s  i n  t h e  
two l e g s  c r e a t e  oppos ing  magne t i c  f i e l d s  t h a t  f o r c e  a d j a c e n t  r i b b o n s  r a p i d l y  
a p a r t .  
S l i t s  i n  t h e  d e i c e r  b o o t  a l l o w  t h e  r i b b o n  conduc to rs  t o  move r a p i d l y  a p a r t  and 
t h e n  t h e y  q u i c k l y  c o l l a p s e  back t o  a t h i n  l a y e r .  

The B .  F .  Goodr i ch  Company t e s t e d  t h e  EESS system on board  t h e  NASA Twin 
O t t e r  i c i n g  r e s e a r c h  a i r c r a f t ,  and Da ta  P roduc ts  o f  New England t e s t e d  i t  i n  
t h e  NASA I R T .  and on t h e  Twin O t t e r .  

The conduc to rs  a r e  embedded i n  t h e  e l a s t o m e r i c  b o o t  as shown i n  F i g .  3 .  

Through a c o m p e t i t i v e  b i d d i n g  p r o c e s s ,  NASA has g r a n t e d  1 i m i  t e d  p a t e n t  
r i g h t s  f o r  t h e  EESS t o  Da ta  P r o d u c t s  of New Eng land,  W a l l i n g f o r d ,  CT.  
ence 6 p r o v i d e s  a d i s c u s s i o n  o f  t h e  improvements t h a t  Da ta  P r o d u c t s  of New 
England i s  c u r r e n t l y  c a r r y i n g  o u t  on  t h e  EESS. 

smooth on  b o t h  s i d e s ,  and capab le  of b e i n g  f e a t h e r e d  i n t o  t h e  s u r f a c e  on  wh ich  
t h e y  a r e  i n s t a l l e d .  Th ickness  adds d u r a b i l i t y ,  b u t  reduces  b l a n k e t  e f f i c i e n c y  
and may a f f e c t  a i r  f l o w .  B l a n k e t s  weigh between 0 . 7  and 1 . 1  l b / f t 2 .  
t a n g u l a r  a r e a  o f  a p p r o x i m a t e l y  70 i n . 2  maximum i s  connected  t o  one B l a n k e t  
D r i v e r  Assembly ( i . e . ,  a c a p a c i t o r  and r e l a t e d  s w i t c h i n g  c i r c u i t r y ) .  
a r a t e  b l a n k e t s  w e r e  p u l s e d  f o r  a t o t a l  o f  50 000 c y c l e s ,  w i t h  g r e a t e r  t h a n  
10 000 c y c l e s  b e i n g  t h e  h i g h e s t  on  one b l a n k e t ,  w i t h  no  d i s c e r n i b l e  
d e g r a d a t i o n .  

Refer-  

Da ta  P roduc ts  o f  New England o f fe rs  b l a n k e t s  from 0.040 t o  0.080 i n .  t h i c k ,  

Each r e c -  

F i v e  sep- 
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E l e c t r o m a g n e t i c  Impu lse  D e i c e r  

NASA r e c e n t l y  comple ted  a development  p rogram on  t h e  E I D I  system t h a t  
began i n  1982. Reference 7 i s  t h e  f i n a l  E I D I  r e p o r t  t h a t  summarizes t h e  p ro -  
gram h i s t o r y ,  t e s t  r e s u l t s ,  t e c h n i c a l  accompl ishments ,  and a n a l y s i s  and d e s i g n  
p rocedures  fo r  t h e  i m p l e m e n t a t i o n  o f  an E I D I  system. 

The p h y s i c a l  form o f  t h e  E I D I  method i s  shown i n  F i g .  4 .  F la t -wound c o i l s  
made of copper  r i b b o n  w i r e  a r e  p l a c e d  j u s t  i n s i d e  t h e  l e a d i n g  edge of a w i n g ' s  
s k i n  w i t h  a sma l l  gap s e p a r a t i n g  s k i n  and c o i l .  E i t h e r  one or two c o i l s  a r e  
p l a c e d  a t  a g i v e n  span w ise  s t a t i o n ,  depend ing  on t h e  s i z e  and shape of t h e  
l e a d i n g  edge. Two methods o f  s u p p o r t i n g  co i l s  a r e  shown: s u p p o r t  by  a f r o n t  
spa r  or from a beam a t t a c h e d  t o  r i b s  i s  g e n e r a l l y  used,  b u t  moun t ing  t o  t h e  
s k i n  i t s e l f  i s  sometimes used.  

Energy i s  d i s c h a r g e d  from a c a p a c i t o r  t h r o u g h  t h e  E I D I  c o i l .  The r a p i d  
d i s c h a r g e  c r e a t e s  a r a p i d l y  f o r m i n g  and c o l l a p s i n g  e l e c t r o m a g n e t i c  f i e l d  wh ich  
i nduces  eddy c u r r e n t s  i n  t h e  me ta l  s k i n .  The magne t i c  f i e l d s  r e s u l t i n g  from 
c u r r e n t  f low i n  t h e  c o i l  and s k i n  c r e a t e  a r e o u l s i v e  f o r c e  o f  s e v e r a l  hundred 
pounds magn i tude,  b u t  a d u r a t i o n  o n l y  a f r a c t i o n  o f  a m i l l i s e c o n d .  
a m p l i t u d e ,  h i g h  a c c e l e r a t i o n  movement o f  t h e  s k i n  a c t s  t o  s h a t t e r  
expe l  t h e  i c e .  Two or t h r e e  such " h i t s "  a r e  pe r fo rmed  s e q u e n t i a l  
by  t h e  t i m e  r e q u i r e d  t o  r e c h a r g e  t h e  c a p a c i t o r s ,  t h e n  i c e  i s  perm 
m u l a t e  u n t i l  i t  a g a i n  approaches an u n d e s i r a b l e  t h i c k n e s s .  

D e i c i n g  has been s u c c e s s f u l l y  accomp l i shed  i n  t h e  i c i n g  w ind  
f l i g h t  f o r - t y p i  
under  a w ide  r a  
t u r e s .  T e s t i n g  
t e s t  programs.  

A sma l l  
debond and 

y, separa ted  
t t e d  t o  accu- 

unne l  and i n  
n a c e l  l e s  c a l  g e n e r a l  a v i a t j o n  and. t r a n s p o r t  w ings  and i n l e t  

nge o f  v e l o c i t i e s ,  a n g l e s  o f  a t t a c k ,  i c i n g  r a t e s  and tempera- 
c o n s i s t e d  o f  e l e v e n  s e t s  o f  i c i n g  t u n n e l  t e s t s  and two f l i g h t  
F a t i g u e  t e s t s  w e r e  conducted  f o r  t h e  w ing  s k i n  and t h e  E I D I  

components. T e s t s  on  e l e c t r o m a g n e t i c  i n t e r f e r e n c e  ( E M I )  w i t h  o t h e r  a i r c r a f t  
s y s t e m s  was a l s o  conducted .  B o t h  f a t i g u e  l i f e  and EM1 emiss ions  can be made 
a c c e p t a b l e .  

E I D I ' s  ma jo r  advantage i s  t h a t  i t  does n o t  a l t e r  t h e  e x t e r n a l  sur faces  of 
t h e  a i r c r a f t ,  and t h e r e f o r e  does n o t  impose an aerodynamic per fo rmance p e n a l t y .  
I t s  l i m i t a t i o n  i s  t h a t  i t  does n o t  a d a p t  r e a d i l y  t o  r e t r o f i t t i n g ,  s i n c e  i n  
most cases i t  must  be c o n s i d e r e d  a p a r t  o f  t h e  o r i g i n a l  d e s i g n  of t h e  compo- 
n e n t .  The fundamenta l  t e c h n o l o g y  f o r  E I D I  i s  now e s t a b l i s h e d ,  and i t  i s  up t o  
t h e  v a r i o u s  a i r f r a m e r s  and e n g i n e  n a c e l l e  f a b r i c a t o r s  t o  adop t  i t .  Those who 
have worked on t h e  E I D I  p rogram a r e  conv inced  t h a t  i t  i s  j u s t  a m a t t e r  of t i m e  
u n t i l  i t  makes i t s  way o n t o  a n e x t  g e n e r a t i o n  a i r c r a f t .  

Eddy C u r r e n t  R e p u l s i o n  D e i c i n g  Boot 

The ECRDIB  c o n t a i n s  e l e c t r i c a l  c o n d u c t o r s  i n  an e l a s t o m e r i c  b o o t  t h a t  i s  
bonded t o  t h e  l e a d i n g  edge o f  a w ing .  When a c a p a c i t o r  i s  d i s c h a r g e d  t h r o u g h  
t h e  conduc to rs ,  eddy c u r r e n t s  a r e  i nduced  i n  t h e  s k i n  o f  t h e  w ing ,  j u s t  as i n  
E I D I .  Opposing magne t i c  f i e l d s  r e p e l  t h e  b o o t  r a p i d l y  away from t h e  w ing .  We 
say t h a t  ECRDIB  i s  E I D I  a p p l i e d  on  t h e  o u t s i d e  r a t h e r  t h a n  t h e  i n s i d e  of t h e  
w ing .  ( E C R D I B  d i f f e r s  from EESP i n  t h a t  EESP does n o t  i nduce  eddy c u r r e n t s . )  
NASA has a sma l l  c o n t r a c t  w i t h  E l e c t r o i m p a c t ,  I n c . ,  S e a t t l e ,  WA, t o  f a b r i c a t e  
s e v e r a l  ECRDIB u n i t s  and t e s t  them on  a l a r g e - c h o r d  and a sma l l - cho rd  w ing  sec 
t i o n  i n  t h e  NASA I R T .  
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The ECRDIB  c o n d u c t o r s  w i l l  be f a b r i c a t e d  from s t a c k s  o f  t h i n ,  f l e x i b l e  
c i r c u i t  boa rds ,  w i t h  a c o i l  conduc to r  p a t t e r n  t h a t  a l l o w s  c u r r e n t  t o  e n t e r  and 
e x i t  t h e  edge, r a t h e r  t h a n  t h e  c e n t e r ,  o f  t h e  c i r c u i t  board .  A s h e e t  o f  e l a s -  
t o m e r i c  m a t e r i a l  w i l l  c o v e r  t h e  c i r c u i t  boards  t o  form t h e  b o o t .  The i n v e n t o r  
(Ref. 8 )  has c a l c u l a t e d  t h a t  f o r  t h e  same p u l s e  o f  energy ,  t h e  E C R D I B  s h o u l d  
d e i c e  abou t  two t o  f o u r  t i m e s  t h e  a r e a  an EESS would d e i c e .  

The EESS and t h e  ECRDIB systems a r e  embedded i n  e l a s t o m e r i c  b o o t s  t h a t  a r e  
a p p l i e d  o v e r  t h e  o u t s i d e  o f  t h e  a i r f o i l .  
e l a s t o m e r i c  o u t e r  s u r f a c e s  w i l l  t e n d  t o  g e t  p u l l e d  away from t h e  a i r f o i l  s k i n  
i n  t h e  r e g i o n  o f  n e g a t i v e  p r e s s u r e s  or  s u c t i o n  p r e s s u r e s ,  i . e . ,  on  t h e  upper  
l e a d i n g  edge o f  t h e  a i r f o i l .  
a t t e n d a n t  aerodynamic per fo rmance p e n a l t y .  Des igne rs  o f  pneumat ic  b o o t s  p u l l  
a vacuum on  t h e  i n s i d e  o f  t h e  b o o t  t o  p r e v e n t  t h e  b o o t  from s t a y i n g  i n f l a t e d  
a f t e r  t h e  b o o t s  a r e  a c t i v a t e d .  
i m p r a c t i c a l ,  and some o t h e r  means must be found  t o  overcome t h i s  p rob lem.  
Da ta  P r o d u c t s  appears t o  have s o l v e d  t h i s  p rob lem f o r  EESS. 

A s  w i t h  t h e  pneumat ic  b o o t ,  t hese  

T h i s  would cause upper  s u r f a c e  d i s t o r t i o n  and an 

P u l l i n g  a vacuum on  an EESS or  E C R D I B  seems 

The o t h e r  i s s u e  w i t h  e l a s t o m e r i c  m a t e r i a l s  i s  t h e i r  a b i l i t y  t o  w i t h s t a n d  
r a i n  and sand e r o s i o n .  E r o s i o n  would be most s e r i o u s  near  t h e  o u t b o a r d  sec- 
t i o n s  o f  h e l i c o p t e r  ro to rs .  Perhaps an a c c e p t a b l e  s o l u t i o n  f o r  rotors wou ld  
be a h y b r i d  sys tem c o n s i s t i n g  o f  EESS on  t h e  i n b o a r d  s e c t i o n s  and e l e c t r o t h e r -  
mal on  t h e  o u t b o a r d  s e c t i o n s .  

PREDICTIONS OF AIRFOIL AERODYNAMIC PERFORMANCE DEGRADATION DUE TO ICING 

A m a j o r  g o a l  of t h e  NASA a i r c r a f t  i c i n g  program i s  t o  deve lop  and exper -  
i m e n t a l l y  v a l i d a t e  a g roup  computer  codes t h a t  w i l l  p r e d i c t  t h e  d e t a i l s  of 
an a i r c r a f t  i c i n g  e n c o u n t e r .  The f l o w c h a r t  i n  F i g .  5 shows t h e  many codes 
r e q u i r e d  t o  form such an o v e r a l l  i c i n g  a n a l y s i s  methodo logy  and i n d i c a t e s  t h e  
codes c u r r e n t l y  under  development  by  NASA. 
be used for ( 1 )  p r e l i m i n a r y  d e s i g n  s t u d i e s  t o  a s c e r t a i n  component s e n s i t i v i t y  
t o  i c i n g ,  ( 2 )  per fo rmance p r e d i c t i o n s  o f  p roposed i c e  p r o t e c t i o n  systems,  
( 3 )  computer-based c e r t i f i c a t i o n  or  q u a l i f i c a t i o n  s t u d i e s  t o  reduce  t h e  amount 
of r e q u i r e d  i c i n g  f l i g h t  t e s t i n g ,  and ( 4 )  more r e a l i s t i c  i c i n g  e f f e c t s  i n p u t s  
for use i n  f l i g h t  t r a i n i n g  s i m u l a t o r s .  

T h i s  s e c t i o n  w i l l  r e v i e w  t h e  p r o g r e s s  o n  one goa l  o f  t h e  o v e r a l l  a c t i v i t y ,  
namely, t o  produce codes t h a t  p r e d i c t  t h e  i c e  b u i l d u p  on  an u n p r o t e c t e d  a i r f o i l  
and t h e  r e s u l t i n g  aerodynamic d e g r a d a t i o n .  NASA has g i v e n  t h e  name LEWICE t o  
i t s  o v e r a l l  i c e  a c c r e t i o n  code. ( T h i s  s e c t i o n  i s  a c o n d e n s a t i o n  o f  t h e  mate- 
r i a l  i n  Ref. 3 and a l s o  i n c l u d e s  some more r e c e n t  m a t e r i a l ) .  

Once v a l i d a t e d ,  t hese  codes can 

F i g u r e  6 i 1 1  u s t r a t e s  t h e  aerodynami c pe r fo rmance  pena l  t i e s  caused by l ead -  
i n g  edge i c e :  ( 1 )  i n c r e a s e d  d r a g  even a t  low a n g l e s - o f - a t t a c k ;  ( 2 )  a i r f o i l  
decamber ing  due t o  a t h i c k e n e d  upper  s u r f a c e  boundary  l a y e r ;  and ( 3 )  reduced 
Clmax and p rematu re  s t a l l  due t o  s e p a r a t i o n  o f  t h e  a i r f o i l  upper  su r face  bound- 
a r y  l a y e r .  

O v e r a l l  Approach 

F i g u r e  7 shows t h e  k e y  p h y s i c a l  p rocesses  t h a t  must  be a d e q u a t e l y  modeled 
i n  any a i r f o i l  i c i n g  a n a l y s i s  methodo logy .  I n  t h e  LEWICE approach,  i c e  i s  
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grown l a y e r  by l a y e r ,  where each l a y e r  r e p r e s e n t s  t h e  i c e  a c c r e t i o n  f o r  one 
u s e r - s p e c i f i e d  t i m e  i n c r e m e n t .  The o v e r a l l  approach fo r  LEWICE i s  as fo l lows:  
( 1 )  a p o t e n t i a l  f low code c a l c u l a t e s  t h e  f low f i e l d  a round t h e  a i r f o i l ;  ( 2 )  a 
d r o p l e t  t r a j e c t o r y  code,  u s i n g  t h e  i n v i s c i d  f low v e l o c i t i e s ,  computes t h e  l o c a l  
wa te r  f l u x  a round t h e  a i r f o i l ;  and ( 3 )  an i c e  a c c r e t i o n  code, u s i n g  t h e  l o c a l  
wa te r  f l u x e s  and i n v i s c i d  v e l o c i t i e s ,  c a l c u l a t e s  t h e  l o c a l  i c e  g r o w t h  around 
t h e  a i r f o i l .  A t  t h i s  p o i n t  t h e  code can l o o p  back and r e - r u n  t h e  p o t e n t i a l  
f low a n a l y s i s  t o  d e t e r m i n e  t h e  new i n v i s c i d  f low f i e l d  a round t h e  i c e d  a i r -  
f o i l .  Then a new d r o p l e t  t r a j e c t o r y  c a l c u l a t i o n  and a new i c e  a c c r e t i o n  c a l c u -  
l a t i o n  can be comple ted  f o r  t h e  second t i m e  s t e p ,  and so on.  The l o o p i n g  
process  i s  r e p e a t e d  f o r  as many t i m e  inc remen ts  as r e q u i r e d  t o  r e a c h  t h e  o v e r -  
a l l  i c i n g  encoun te r  t i m e .  I f  aerodynamic per fo rmance l o s s e s  a r e  r e q u i r e d  for  
t h e  i c e d  a i r f o i l ,  t h e n  a v i s c o u s  f l o w f i e l d  c a l c u l a t i o n  i s  pe r fo rmed  fo r  t h e  
p r e d i c t e d  i c e  shape. 

I t  i s  h i g h l y  d e s i r a b l e  t o  r e p l a c e  t h e  s e p a r a t e  i n v i s c i d  and v i s c o u s  flow 
c a l c u l a t i o n s  w i t h  a s i n g l e  v i s c o u s  f low c a l c u l a t i o n .  However, we have n o t  y e t  
made t h e  rep lacemen t  because a v i s c o u s  f low c a l c u l a t i o n  r e q u i r e s  f a r  more com- 
p u t e r  t i m e  t h a n  does an i n v i s c i d  c a l c u l a t i o n ,  so t h e  t o t a l  CPU t i m e  t o  c a l c u -  
l a t e  an i c e  shape wou ld  be i m p r a c t i c a l  f o r  r o u t i n e  c a l c u l a t i o n s .  O b v i o u s l y  as 
t h e  i c e  shape grows and dominates  t h e  a i r f o i l  l e a d i n g  edge f l o w f i e l d ,  v i s c o u s  
e f f e c t s  (boundary  l a y e r  s e p a r a t i o n  and r e a t t a c h m e n t )  w i l l  become so i m p o r t a n t  
t h a t  t h e  s i m p l i f i e d  i n v i s c i d  a n a l y s i s  w i l l  n o  l o n g e r  be a p p r o p r i a t e .  

The f o l l o w i n g  s e c t i o n s  w i l l  look a t  t h e  modules i n  more d e t a i l .  

I n v i s c i d  F l o w f i e l d / D r o p l e t  T r a j e c t o r i e s  

The i n v i s c i d  f l o w f i e l d  code i s  a second o r d e r  pane l  code.  D r o p l e t  t r a j e c -  
t o r i e s  a r e  o b t a i n e d  by  i n t e g r a t i n g  Newton 's  second l a w  o f  m o t i o n  u s i n g  a 
p r e d i c t o r - c o r r e c t o r  scheme o p t i m i z e d  for  s t i f f  systems of e q u a t i o n s .  

An e x p e r i m e n t a l  d r o p l e t  impingement  d a t a  base i s  b e i n g  o b t a i n e d  f o r  use i n  
v a l i d a t i n g  t h e  d r o p l e t  t r a j e c t o r y  p r e d i c t i o n  codes ( R e f .  3 ) .  Comparisons 
between a n a l y s i s  and e x p e r i m e n t  a r e  shown i n  F i g .  8. The compar isons  show 
t h a t  t h e  p r e d i c t i o n ,  when u s i n g  e i t h e r  i n v i s c i d  or v i s c o u s  f l o w f i e l d  v e l o c i -  
t i e s ,  i s  q u i t e  a c c u r a t e  f o r  cases o f  s m a l l  i c e  a c c r e t i o n ,  b u t  n o t  as a c c u r a t e  
for l a r g e  i c e  a c c r e t i o n s  t h a t  have mass ive  f l ow  s e p a r a t i o n  w i t h  uns teady  flow. 
F i g u r e  8 shows t h a t  w h i l e  t h e  p r e d i c t e d  c o l l e c t i o n  e f f i c i e n c i e s  were lower 
when t h e  v i s c o u s  f low v e l o c i t i e s  were used i n  t h e  t r a j e c t o r y  c a l c u l a t i o n s ,  t h e y  
were n o t  as low as those  obse rved  i n  t h e  e x p e r i m e n t .  S i n c e  t h e  Nav ie r -S tokes  
codes o v e r p r e d i c t s  t h e  v e l o c i t i e s  near  t h e  s e p a r a t i o n  p o i n t s ,  t h e  n e x t  l o g i c a l  
s t e p  seems t o  be t o  r e p l a c e  t h e  a c t u a l  model geomet ry  w i t h  a geomet ry  t h a t  f o l -  
lows t h e  o u t e r  boundary o f  t h e  s e p a r a t e d  f low r e g i o n  b e h i n d  t h e  h o r n s .  
geometry  s h o u l d  n o t  p roduce t h e  h i g h e r  v e l o c i t i e s  n e a r  t h e  b e g i n n i n g  of separa-  
t i o n ,  and shou ld  b e g i n  t u r n i n g  t h e  f l ow  f u r t h e r  ups t ream,  t h e r e b y  r e d u c i n g  t h e  
d r o p l e t  c o l l e c t i o n  e f f i c i e n c y .  

T h i s  

We p l a n  t o  t r y  t h i s  i n  t h e  near  f u t u r e .  

I c e  A c c r e t i o n  

The i c e  shape module p r e d i c t s  i c e  shapes b y  s o l v i n g  t h e  c o n t i n u i t y  and 
energy  e q u a t i o n s  f o r  d i f f e r e n t i a l  c o n t r o l  volumes on  t h e  s u r f a c e  o f  t h e  a i r -  
f o i l  as d e p i c t e d  i n  F i g .  9 .  The code d e t e r m i n e s  t h e  f r a c t i o n  o f  i ncoming  wa te r  
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t h a t  f r e e z e s  i n  each c o n t r o l  volume. Any wa te r  t h a t  does n o t  f r e e z e  i n  a con- 
t r o l  volume i s  assumed t o  f low back t o  t h e  i m m e d i a t e l y  a f t  c o n t r o l  volume. 

F i g u r e  10 shows r e p r e s e n t a t i v e  compar isons o f  p r e d i c t e d  shapes ve rsus  
a c t u a l  i c e  shapes grown on  a NACA 0012 a i r f o i l  i n  t h e  NASA I R T .  The agreement 
i n  p r e d i c t e d  ve rsus  measured i c e  shape f o r  b o t h  t h e  r i m e  and g l a z e  i c e  was 
judged  t o  be a c c e p t a b l e .  
b u t  i t  can have d i f f i c u l t y  w i t h  g l a z e  i c e  p r e d i c t i o n s .  O t h e r  compar isons  w i t h  
i n - f l i g h t  i c i n g  a r e  g i v e n  i n  R e f .  9 .  

T y p i c a l l y ,  LEWICE p r e d i c t s  r i m e  i c e  shapes v e r y  w e l l ,  

The dependence o f  a i r f o i l  d r a g  on i c e  f o r m a t i o n  t e m p e r a t u r e  i s  shown i n  
F i g .  1 1  ( R e f .  10). Notice t h a t  a t  t h e  warmer tempera tu res  t h e  d r a g  i s  
e x t r e m e l y  s e n s i t i v e  t o  i c e  f o r m a t i o n  tempera tu re .  
a c c r e t e d  i c e  s t a y s  r e l a t i v e l y  c o n s t a n t  u n t i l  t h e  t e m p e r a t u r e  approaches t h e  
f r e e z i n g  p o i n t  o f  w a t e r ,  and t h e n  t h e  mass d rops  o f f ,  p resumably  because t h e  
runback  wa te r  b lows o f f  t h e  a i r f o i l .  The c u r r e n t  NASA i c e  a c c r e t i o n  module 
does n o t  account  f o r  wa te r  b l o w o f f .  

Also n o t e  t h a t  t h e  mass of 

A key p a r t  o f  t h e  i c e  a c c r e t i o n  module i s  t h e  method used t o  p r e d i c t  h e a t  
and mass t r a n s f e r  c o n v e c t i o n  c o e f f i c i e n t s .  The c o n v e c t i o n  c o e f f i c i e n t s  a r e  
c a l c u l a t e d  by t h e  i n t e g r a l  boundary l a y e r  method ( R e f .  3 ) .  The a b i l i t y  t o  
model s u r f a c e  roughness as an e q u i v a l e n t  sand g r a i n  roughness  i s  an i m p o r t a n t  
f e a t u r e  o f  t h e  i n t e g r a l  boundary  l a y e r  method. The p r e d i c t i o n s  were compared 
w i t h  r e s u l t s  from a h e a t  t r a n s f e r  exper imen t  i n  wh ich  i c e  shapes grown on a 
c y l i n d e r  i n  t h e  I R T  were r e p l i c a t e d  i n  a wood model t h a t  was i n s t r u m e n t e d  w i t h  
s u r f a c e  h e a t  f l u x  gauges ( R e f .  1 1 ) .  The p r e d i c t e d  h e a t  t r a n s f e r  c o e f f i c i e n t s  
shown i n  F i g .  12 do  n o t  agree  f a v o r a b l y  w i t h  t h e  e x p e r i m e n t a l  d a t a .  

F i g u r e  13 compares t h e  e x p e r i m e n t a l  d a t a  w i t h  p r e d i c t i o n s  made w i t h  a 
Nav ie r -S tokes  code t h a t  s o l v e s  t h e  energy  e q u a t i o n  and uses a d i s t r i b u t e d  
roughness model ( R e f .  12 ) .  The agreement between a n a l y s i s  and e x p e r i m e n t  i s  
good. 

The i c i n g  p rocess  modeled i n  LEWICE fol lows c l o s e l y  t h e  model g i v e n  by  
Mess inger  ( R e f .  1 3 ) .  The Mess inger  model ,  as d e p i c t e d  b y  O l s e n  ( R e f .  1 4 ) ,  
i s  shown i n  F i g .  14.  O lsen  took c l o s e u p  movies o f  t h e  a c t u a l  i c e  a c c r e t i o n  
p rocess  under  a v a r i e t y  o f  i c e  f o r m a t i o n  c o n d i t i o n s  i n  t h e  I R T ,  and h i s  obse r -  
v a t i o n s  l e a d  h i m  t o  propose t h e  new model shown i n  F i g .  1 5 .  I n  t h i s  model ,  
wa te r  flows a l o n g  t h e  s u r f a c e  o n l y  d u r i n g  t h e  i n i t i a l  moments o f  exposure  t o  
t h e  i c i n g  c l o u d .  A f t e r  t h a t ,  t h e  wa te r  b e g i n s  t o  form beads on  t h e  s u r f a c e  as 
shown i n  F i g .  1 6 .  I c e  forms i n  t h e  base o f  t h e  beads and i m p i n g i n g  w a t e r  accu- 
mu la tes  a t  t h e  t o p  o f  t h e  beads. 

Hansman ( R e f s .  15 and 16)  l a t e r  f o l l o w e d  up on  O l s e n ' s  work and b a s i c a l l y  
c o n f i r m e d  O l s e n ' s  o b s e r v a t i o n s .  Hansman observed  s e v e r a l  d i s t i n c t  zones of s u r -  
f a c e  wa te r  b e h a v i o r :  a smooth w e t  zone i n  t h e  s t a g n a t i o n  r e g i o n  w i t h  a u n i f o r m  
wa te r  f i l m ;  a rough zone where s u r f a c e  t e n s i o n  e f f e c t s  caused coa lescence  of 
s u r f a c e  wa te r  i n t o  s t a t i o n a r y  beads; a h o r n  zone where roughness  e lemen ts  grew 
i n t o  h o r n  shapes; a runback  zone where s u r f a c e  wa te r  r a n  back as r i v u l e t s ;  and 
a d r y  zone where r i m e  f e a t h e r s  fo rmed.  The l o c a t i o n  o f  t h e  t r a n s i t i o n  from 
t h e  smooth t o  t h e  rough  zone was found  t o  m i g r a t e  w i t h  t i m e  towards  t h e  s tagna-  
t i o n  p o i n t .  The b e h a v i o r  o f  t h e  t r a n s i t i o n  appeared t o  be c o n t r o l l e d  by  bound- 
a r y  l a y e r  t r a n s i t i o n  and bead f o r m a t i o n  mechanisms a t  t h e  i n t e r f a c e  between t h e  
smooth and rough  zones.  
were c l e a r l y  obse rved  w i t h  i n f r a r e d  v i d e o  r e c o r d i n g s  o f  g l a z e  i c e  s u r f a c e s .  

Regions o f  wet i c e  g r o w t h  and enhanced h e a t  t r a n s f e r  
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NASA i s  s u p p o r t i n g  g r i d  d e f i n i t i o n  s t u d i e s  ( R e f .  4 )  and a l s o  d e v e l o p i n g  
an a d a p t i v e  g r i d  g e n e r a t i o n  code t h a t  s h o u l d  p r o v e  u s e f u l  fo r  g e n e r a t i n g  a new 
g r i d  f o r  each new t i m e  s t e p  i n  t h e  LEWICE i c e  a c c r e t i o n  c a l c u l a t i o n .  Ano the r  
s u p p o r t i n g  e f f o r t  f o r  t h e  ARC2D code i s  t h e  t e s t i n g  o f  v a r i o u s  t u r b u l e n c e  
models such as t h e  Baldwin-Lomax model and t h e  Johnson-King model ,  as w e l l  as 
a model deve loped in-house ( R e f .  20). 

Hansman f o r m u l a t e d  a t h r e e  zone model and t e s t e d  i t  by  f o r c i n g  t h e  LEWICE 
i c e  a c c r e t i o n  module t o  have t h r e e  zones.  A zone near  t h e  s t a g n a t i o n  r e g i o n  
was modeled by  t h e  o r i g i n a l  c o n t r o l  volume approach.  A second zone was modeled 
as f r e e z i n g  a l l  t h e  wa te r  t h a t  imp inged on  i t .  A t h i r d  zone was modeled as a 
t r a n s i t i o n  zone s e p a r a t i n g  t h e  o t h e r  two zones. I n  t h e  t r a n s i t i o n  zone t h e  
c o n t r o l  volumes had f r e e z i n g  f r a c t i o n s  t h a t  v a r i e d  l i n e a r l y  from t h e  v a l u e  a t  
t h e  edge o f  t h e  f i rs t  zone t o  a v a l u e  o f  u n i t y  a t  t h e  edge o f  t h e  second zone.  
F i g u r e  17 shows how an e x p e r i m e n t a l  i c e  shape fo rmed on  a c y l i n d e r  compared w i t h  
t h e  p r e d i c t i o n s  made by  t h e  u n m o d i f i e d  approach and by t h e  Hansman approach.  
Hansman's model gave r e s u l t s  f a r  s u p e r i o r  t o  t h e  u n m o d i f i e d  approach.  

Because t h i s  new m u l t i - z o n e  model h o l d s  promise  o f  b e i n g  more r e p r e s e n t a -  
t i v e ,  NASA w i l l  c o n t i n u e  t o  conduc t  fundamenta l  exper imen ts  on  t h e  d e t a i l s  of 
t h e  i c e  a c c r e t i o n  p rocess ,  such as ,  c l o s e u p  movies i n  n a t u r a l  i c i n g  c l o u d s  and 
i n f r a r e d  s t u d i e s  o f  t h e  s u r f a c e  o f  t h e  i c e  ( R e f .  16)  

Aerodynamic Performance 

A s  n o t e d  e a r l i e r ,  i t  i s  h i g h l y  d e s i r a b l e  t o  r e p l a c e  t h e  p o t e n t i a l  f low 
code i n  LEWICE w i t h  a v i s c o u s  f low code t h a t  more a c c u r a t e l y  models  t h e  f low- 
f i e l d  and a l s o  a l l o w s  a d i r e c t  c a l c u l a t i o n  o f  l i f t ,  d rag ,  and p i t c h i n g  moment. 
To t h i s  end, NASA i s  d e v e l o p i n g  two v i s c o u s  f low codes:  ( 1 )  a Reyno lds  ave r -  
aged t h i n  l a y e r  Nav ie r -S tokes  code (ARC2D) ( R e f .  1 7 ) ,  and ( 2 )  an i n t e r a c t i v e  
boundary l a y e r  code ( I B L )  ( R e f .  18 ) .  Bo th  o f  these  codes were des igned  t o  han- 
d l e  c l e a n  a i r f o i l s  and a r e  b e i n g  ex tended t o  hand le  i c e d  a i r f o i l s  f o r  wh ich  
f low s e p a r a t i o n  and r e a t t a c h m e n t  a t  l o w e r  a n g l e s - o f - a t t a c k  i s  n o t  uncommon. 
The I B L  code i s  a t t r a c t i v e  f o r  i n c l u s i o n  i n  LEWICE because i t  u t i l i z e s  a po ten -  
t i a l  flow code wh ich  r e q u i r e s  f a r  l e s s  computer  power t h a n  t h e  Nav ie r -S tokes  
code. 

A comprehensive e x p e r i m e n t a l  d a t a  base f o r  v a l i d a t i n g  t h e  v i s c o u s  flow 
codes i s  b e i n g  deve loped as F i g .  18 i l l u s t r a t e s .  A NACA 0012 a i r f o i l  model was 
m o d i f i e d  t o  have a l e a d i n g  edge i c e  shape t h a t  had t h e  g r o s s  c r o s s  s e c t i o n a l  
f e a t u r e s  o f  an i c e  shape grown i n  t h e  I R T ,  b u t  a l s o  had a geomet ry  t h a t  c o u l d  
be a c c u r a t e l y  d i g i t i z e d  t o  a l l o w  i n p u t t i n g  t o  f low a n a l y s i s  codes.  

e x p e r i m e n t a l  d a t a  base d e s c r i b e d  b y  F i g .  18. A t  l o w e r  a n g l e s - o f - a t t a c k ,  b o t h  
codes compared w e l l  w i t h  e x p e r i m e n t .  A t  t h e  h i g h e r  a n g l e s - o f - a t t a c k  t h e  IBL 
code u n d e r p r e d i c t e d  t h e  measured d r a g  l e v e l s .  A t  t hese  h i g h e r  a n g l e s  t h e  
ARC2D code p r e d i c t e d  uns teady  f l ow .  A l t h o u g h  t h e  I B L  code appeared inadequa te  
a t  t h e  h i g h  a lphas  f o r  t h i s  case,  Cebeci ( R e f .  19)  showed t h a t  t h e  I B L  code 
can do a good j o b  on c l e a n  a i r f o i l s  beyond s t a l l .  

F i g u r e  19 compares t h e  p r e d i c t i o n s - ' o f  t h e  ARC2D and I B L  codes w i t h  t h e  

Work i s  c o n t i n u i n g  on  i m p r o v i n g  t h e  two-d imens iona l  v i s c o u s  f low codes 
and on c o n d u c t i n g  exper imen ts  to v a l i d a t e  them. The n e x t  s t e p  i s  t o  b e g i n  work 
on th ree -d imens iona l  codes f o r  a p p l i c a t i o n  t o  modern swept-wing a i r c r a f t .  To 
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t h i s  end, NASA i s  c o n d u c t i n g  w ind  t u n n e l  t e s t i n g  a t  t h e  O h i o  S t a t e  U n i v e r s i t y  
( R e f .  21) on th ree -d imens iona l  r e c t a n g u l a r  and swept semi-span wings w i t h  and 
w i t h o u t  a t t a c h e d  i c e  shapes. A d a t a  base s i m i l a r  t o  t h e  two-d imens iona l  d a t a  
base (see F i g .  18) w i l l  be a c q u i r e d .  NASA i s  a l s o  s u p p o r t i n g  development  of a 
t h r e e  d imens iona l  Nav ie r -S tokes  code ( R e f .  22) t h a t  w i l l  be v a l i d a t e d  a g a i n s t  
t h e  e x p e r i m e n t a l  d a t a .  

A l t h o u g h  a g r e a t  dea l  o f  r e s e a r c h  s t i l l  needs t o  be done on i c e  a c c r e t i o n  
mode l i ng  and aeroper fo rmance p e n a l t i e s ,  t h e  codes p r e s e n t e d  i n  t h i s  s e c t i o n  
a r e  r e p r e s e n t a t i v e  o f  t h e  b e s t  a v a i l a b l e  a t  t h i s  t i m e .  Many o r g a n i z a t i o n s  i n  
t h e  U . S . A .  a r e  u s i n g  these  codes as r e s e a r c h  codes and a r e  r e l a y i n g  t h e i r  
exper iences  w i t h  them t o  NASA and i t s  g ran tees  and c o n t r a c t o r s .  

AIRPLANE PERFORMANCE AND STABILITY AND CONTROL CHANGES DUE TO I C I N G  

Since  i c e  w i l l  accumula te  on s e l e c t e d  s u r f a c e s  of modern a i r c r a f t ,  and 
s i n c e  f a i l u r e  o f  any i c e  p r o t e c t i o n  system w i l l  r e s u l t  i n  i c e  a c c u m u l a t i o n s ,  
NASA has a m a j o r  p rogram e lement  t o  s t u d y  t h e  e f f e c t s  o f  i c i n g  on  a i r c r a f t  p e r -  
formance and s t a b i  1 i t y  and c o n t r o l .  The approach employs t h r e e  i n t e r r e l a t e d  
e lements :  a n a l y s i s ,  w ind  t u n n e l  exper imen ts ,  and c o n s i d e r a b l e  f l i g h t  t e s t i n g  
i n  n a t u r a l  i c i n g  c l o u d s .  

I n  t h e  p r e v i o u s  s e c t i o n ,  we rev iewed  NASA's r e s e a r c h  on  t h e  e f f e c t s  of 
i c i n g  on  a i r f o i l  aerodynamics.  I n  t h i s  s e c t i o n  we w i l l  c o n c e n t r a t e  on  f l i g h t  
t e s t i n g  i n  n a t u r a l  i c i n g  c l o u d s .  

Research A i r c r a f t  

The NASA Lewis i c i n g  r e s e a r c h  a i r c r a f t  shown i n  F i g .  20 i s  a m o d i f i e d  
D e H a v i l l a n d  DH-6 Twin O t t e r  (Re fs .  23 t o  25 ) .  The a i r c r a f t  i s  equ ipped w i t h  
e l e c t r o t h e r m a l  a n t i - i c e r s  on  t h e  p r o p e l l e r s ,  eng ine  i n l e t s ,  and w i n d s h i e l d .  
Pneumat ic  d e i c e r  b o o t s  a r e  l o c a t e d  on  t h e  w ing  o u t b o a r d  o f  t h e  eng ine  n a c e l l e s ,  
on  b o t h  t h e  h o r i z o n t a l  and v e r t i c a l  s t a b i l i z e r s ,  on  t h e  w ing  s t r u t s ,  and on  
t h e  r e a r  l a n d i n g  gear  s t r u t s .  The pneumat ic  d e i c e r s  l o c a t e d  on  t h e  v e r t i c a l  
s t a b i l i z e r ,  w ing  s t r u t s ,  and l a n d i n g  gear  s t r u t s  a r e  nons tandard  i t e m s  t h a t  
p r o v i d e  a d d i t i o n a l  r e s e a r c h  c a p a b i l i t y  for measur ing  component d r a g  through 
s e l e c t i v e  d e i c i n g .  The a i r c r a f t  i s  equ ipped w i t h  s e v e r a l  s t a n d a r d  i n s t r u m e n t s  
for measur ing  i c i n g  c l o u d  p r o p e r t i e s  ( R e f .  26 ) .  

Wing l e a d i n g  edge i c e  shapes a r e  measured i n  f l i g h t  w i t h  a s t e r e o  photog-  
r a p h y  s y s t e m .  Wing s e c t i o n  d r a g  i s  measured w i t h  a wake su rvey  probe mounted 
on  t h e  w ing  b e h i n d  t h e  r e g i o n  where t h e  s tereo pho tos  a r e  t a k e n .  A noseboom 
i s  used t o  measure a i r s p e e d ,  a n g l e - o f - a t t a c k ,  and s i d e s l i p .  

A comple te  f l i g h t  t e s t  system i s  b e i n g  b u i l t  up t o  measure f l i g h t  dynamics 
a l o n g  a f l i g h t  p a t h .  The system w i l l  i n c l u d e  a d a t a  a c q u i s i t i o n  system and an 
i n e r t i a l  package t h a t  c o n t a i n s  r a t e  g y r o s ,  d i r e c t i o n a l  gy ros ,  and s e r v o  
a c c e l e r o m e t e r s .  
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Wing I c e  Shapes and Drag  

One purpose o f  t h e  i c i n g  f l i g h t  r e s e a r c h  program i s  t o  o b t a i n  i n f l i g h t  
d a t a  t h a t  can be used t o  v a l i d a t e  computer  codes and t o  c o n f i r m  t h a t  t h e  NASA 
Lewis  I c i n g  Research Tunnel a d e q u a t e l y  s i m u l a t e s  n a t u r a l  i c i n g .  We have f l own  
numerous f l i g h t s  t h r o u g h  n a t u r a l  i c i n g  c l o u d s ,  i n  wh ich  i c e  was a l l o w e d  t o  
b u i l d  up on  t h e  w ing  l e a d i n g  edge. The a i r c r a f t  was t h e n  f l o w n  o u t  of t h e  
c l o u d  i n t o  c l e a r  a i r ,  where stereo photographs  were taken  o f  t h e  i c e  shape and 
a d r a g  wake su rvey  probe was moved ac ross  t h e  t r a i l i n g  edge o f  t h e  w ing  b e h i n d  
t h e  i c e  shape ( R e f .  24) .  F i g u r e  21 shows t h e  i c e  shape d e r i v e d  from t h e  s t e r e o  
pho tos  and F i g .  22 shows t h e  i n c r e a s e  i n  d r a g  ve rsus  ang le-o  - a t t a c k .  

L a t e r  t h i s  y e a r ,  a s e c t i o n  o f  a Twin O t t e r  w ing  w i l l  be 
( F i g .  2 3 ) ,  and i c e  shape and d r a g  w i l l  be measured under  t h e  
i n  f l i g h t  so t h a t  a d i r e c t  compar ison  can be made between fl 

mounted i n  t h e  I R T  
same c o n d i t i o n s  as 
g h t  and t h e  I R T .  

A i r c r a f t  Per formance 

A i r f r a m e  i c i n g  degrades a i r c r a f t  per fo rmance by  r e d u c i n g  l i f t  and i n c r e a s -  
i n g  d r a g .  T h i s  r e s u l t s  i n  h i g h e r  s t a l l  speeds, lower a n g l e s - o f - a t t a c k  for  
s t a l l ,  l o w e r  c l i m b ,  lower c r u i s e ,  and lower  power marg ins  f o r  eng ine  o u t  p e r -  
formance. These per fo rmance d e g r a d a t i o n s  were measured on  t h e  i c i n g  r e s e a r c h  
a i r c r a f t  f o r  a wide range of  i c i n g  c o n d i t i o n s .  By d e i c i n g  one a i r f r a m e  compo- 
n e n t  a t  a t i m e  and t a k i n g  a s e t  o f  per fo rmance measurements a f t e r  each d e i c i n g  
e v e n t ,  we o b t a i n e d  l i f t  loss on  t h e  w ing  and r e l a t i v e  v a l u e s  o f  d r a g  i n c r e a s e  
for each a i r f r a m e  component. For some cases power r e q u i r e d  v e r s u s  power a v a i l -  
a b l e  was measured t o  assess  t h e  e f f e c t s  on  eng ine -ou t  per fo rmance ( R e f .  27 ) .  

R e s u l t s  from a f l i g h t  i n  g l a z e  i c i n g  c o n d i t i o n s  ( R e f .  27)  a r e  shown i n  
F i g .  24. The most n o t i c e a b l e  changes i n  t h e  l i f t  cu rves  due t o  i c e  a r e  l o w e r  
s l o p e s  and reduced  Clmax. The t e s t  a i r c r a f t  has a Clmax o f  a p p r o x i m a t e l y  1 . 4  
i n  t h e  c l e a n ,  no  f l a p  c o n f i g u r a t i o n .  W i t h  i c e ,  Clmax i s  reduced t o  someth ing  
l e s s  than  1.0. The loss i n  l i f t  t h a t  remains  a f t e r  d e i c i n g  a l l  components i s  
l a r g e l y  because t h e  p o r t i o n  o f  t h e  w ing  between t h e  eng ine  n a c e l l e s  and fuse-  
l a g e  has no  i c e  p r o t e c t i o n .  Ano the r  f a c t o r ,  more d i f f i c u l t  t o  e v a l u a t e ,  i s  t h e  
c o n t r i b u t i o n  t o  l i f t  loss made by  r e s i d u a l  i c e  l e f t  on  t h e  wings a f t e r  c y c l i n g  
t h e  d e i c e r  b o o t s .  

F i g u r e  24 a l s o  shows t h e  d r a g  i n c r e a s e  due t o  a i r f r a m e  i c i n g .  To a 
p i l o t ,  t h i s  t r a n s l a t e s  i n t o  degraded a i r c r a f t  per fo rmance,  e s p e c i a l l y  i n  t h e  
e v e n t  o f  an eng ine -ou t  c o n d i t i o n .  F i g u r e  25  shows t h e  r e l a t i o n s h i p  between 
power r e q u i r e d  and power a v a i l a b l e  under  t h e  g l a z e  i c i n g  c o n d i t i o n s .  The 
i n c r e a s e  i n  power r e q u i r e d  means lower  c l i m b  r a t e s ,  a l t i t u d e  p o t e n t i a l ,  and 
c r u i s e  speeds. These f a c t o r s  become e s s e n t i a l  fo r  t h e  p i l o t  t o  c o n s i d e r  when 
p l a n n i n g  h i s  o p t i o n s  under  an eng ine -ou t  c o n d i t i o n .  

S t a b i l i t y  and C o n t r o l  

NASA i s  f o r m u l a t i n g  a methodo logy  t h a t  w i l l  p r e d i c t  t h e  e f f e c t  of i c e  
a c c r e t i o n s  on  t h e  s t a b i l i t y  and c o n t r o l  c h a r a c t e r i s t i c s  o f  a i r c r a f t .  T h i s  
methodo logy  w i l l  be u s e f u l  i n  a i r c r a f t  d e s i g n ,  s a f e t y  and a i r w o r t h i n e s s  ana ly -  
ses, f l i g h t  c o n t r o l  system d e s i g n  for r e l a x e d  s t a t i c  s t a b i l i t y  a i r c r a f t ,  and 
p o s s i b l y  i n  p r o v i d i n g  s i m u l a t o r  s o f t w a r e  f o r  p i l o t  t r a i n i n g .  
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Rathe r  l i m i t e d  f l i g h t  t e s t s  have been conducted  so f a r .  These t e s t s  were 
s t r u c t u r e d  t o  d e t e r m i n e  whether  t h e  i c i n g  e f f e c t s  were measurab le ,  and if so, 
what t h e i r  v a l u e s  w e r e .  The s t a b i l i t y  and c o n t r o l  f l i g h t  t e s t s  i n v e s t i g a t e d  
o n l y  t h e  l o n g i t u d i n a l  c h a r a c t e r i s t i c s  ( R e f .  25 and 2 8 ) .  Fo r  these  t e s t s  t h e  
i c i n g  r e s e a r c h  a i r c r a f t  was c o n f i g u r e d  w i t h  a S t y r o f o a m  l a y e r  o f  s i m u l a t e d  i c e  
bonded t o  t h e  l e a d i n g  edge o f  t h e  h o r i z o n t a l  t a i l  as shown i n  F i g .  2 6 .  

The f l i g h t  t e s t  maneuvers and d a t a  a c q u i s i t i o n  were des igned  t o  p r o v i d e  a 
s t a t i s t i c a l l y  s i g n i f i c a n t  ensemble o f  d a t a  p o i n t s  t h a t  c o u l d  be ana lyzed  by  a 
M o d i f i e d  S tepw ise  Regress ion  ( M S R )  t e c h n i q u e  t o  y i e l d  e s t i m a t e s  o f  t h e  s t a b i l i -  
t y  and c o n t r o l  d e r i v a t i v e s .  The a i r c r a f t  was f l o w n  i n  t h e  c l e a n  ( b a s e l i n e )  
c o n f i g u r a t i o n  and t h e n  l a t e r  w i t h  t h e  " S t y r o f o a m  i c e "  on  t h e  h o r i z o n t a l  t a i l .  
Forty f i v e  r e p e a t  maneuvers were f l o w n  a t  i d e n t i c a l  c o n d i t i o n s  for  each 
c o n f i g u r a t i o n .  

The MSR t e c h n i q u e  ( R e f s .  28 and 2 9 )  a c c u r a t e l y  e s t i m a t e d  t h e  l o n g i -  
t u d i n a l  s t a b i l i t y  and c o n t r o l  d e r i v a t i v e s  t h r o u g h o u t  t h e  f l i g h t  enve lope  o f  
t h e  a i r c r a f t .  F i g u r e  27 shows how e l e v a t o r  c o n t r o l  power was degraded o v e r  
t h e  range of a t t a i n a b l e  f l i g h t  speeds a t  a c o n s t a n t  power s e t t i n g .  Note t h a t  
t h e  e s t i m a t e d  v a r i a t i o n s ,  o r  p r e d i c t e d  bands o f  u n c e r t a i n t y ,  were l e s s  t h a n  
t h e  measured changes. 

I n  a s u p p o r t i n g  a n a l y t i c a l  e f f o r t ,  t h e  i c i n g  r e s e a r c h  a i r c r a f t  geometry  
was pane led  up f o r  i n p u t  t o  a t h r e e  d imens iona l  a i r f l o w  code (VSAERO) .  The 
d i g i t a l  d e s c r i p t i o n  i n c l u d e d  p r o p e l l e r s  and b o t h  t h e  b a s e l i n e  and i c e d - t a i l  
geomet ry .  The ARC2D ( R e f .  17)  code was a l s o  r u n  t o  o b t a i n  a m o d i f i e d  g e o m e t r i c  
d e f i n i t i o n  o f  t h e  i c e d  t a i l  f o r  i n p u t  t o  VSAERO. The i n i t i a l  VSAERO c a l c u l a -  
t i o n s  p r e d i c t e d  n e a r l y  t h e  same decrease i n  s t a b i l i t y  due t o  i c e  as t h e  f l i g h t  
t e s t  d i d .  However, t h e  c a l c u l a t e d  r e s u l t s  a l s o  i n d i c a t e d  t h a t  t h e  n o n l i n e a r  
downwash due t o  t h e  p r o p e l l e r  must be b e t t e r  modeled i n  VSAERO t o  o b t a i n  t h e  
c o r r e c t  power e f f e c t s .  

ROTORCRAFT ICING RESEARCH 

H e l i c o p t e r  companies use t h e  NASA I R T  and o t h e r  i c i n g  t u n n e l s  f o r  t e s t i n g  
eng ine  i n l e t s ,  r o to r  i c e  p r o t e c t i o n  systems on  a s t a t i o n a r y  ro tor  b l a d e  ( i . e . ,  
no c e n t r i f u g a l  f o r c e ) ,  s t a b i l a t o r s ,  e x t e r n a l  s t o r e s ,  weapons s y s t e m s ,  o p t i c a l  
s y s t e m s ,  v e l o c i t y  sensors ,  and o t h e r  v u l n e r a b l e  p a r t s  o f  a h e l i c o p t e r .  How- 
e v e r ,  a f u l l - s c a l e ,  r o t a t i n g  main  ro tor  w i l l  n o t  f i t  i n t o  any known i c i n g  w ind  
t u n n e l .  T h e r e f o r e ,  t o  p r o v e  t h a t  t h e  main  rotor and t a i l  ro to r  can o p e r a t e  
s u c c e s s f u l l y  i n  i c i n g ,  m a n u f a c t u r e r s  have no c h o i c e  b u t  t o  f l y  t h e i r  h e l i c o p t -  
e r s  i n  i c i n g  c l o u d s .  

Because h e l i c o p t e r s  a r e  slow and have a s h o r t  range,  t h e y  must w a i t  for 
t h e  weather  t o  come t o  t h e i r  home base o f  o p e r a t i o n s .  T h i s  dependence on 
l o c a l  weather  f u r t h e r  agg rava tes  t h e  most d i f f i c u l t  i c i n g  c e r t i f i c a t i o n  prob-  
l e m :  f i n d i n g  c l o u d s  t h a t  c o v e r  t h e  wide range o f  n a t u r a l  i c i n g  c o n d i t i o n s  
r e q u i r e d  for c e r t i f i c a t i o n  -- a range t h a t  o f t e n  seems u n a t t a i n a b l e  due t o  t h e  
low p r o b a b i l i t y  o f  some o f  t h e  c o n d i t i o n s .  Thus i t  r e q u i r e s  y e a r s  t o  a c q u i r e  
enough i c i n g  d a t a  f o r  e i t h e r  FAA c e r t i f i c a t i o n  or m i l i t a r y  q u a l i f i c a t i o n .  
S i n c e  U . S .  h e l i c o p t e r  m a n u f a c t u r e r s  want a l l - w e a t h e r  o p e r a t i o n a l  c a p a b i l i t y  
and want t o  overcome t h i s  heavy dependence on f l i g h t  t e s t i n g ,  NASA has been 
w o r k i n g  w i t h  them t o  deve lop  an i c i n g  t e s t  c a p a b i l i t y  f o r  sub-sca le  h e l i c o p t e r  
r o t o r s  i n  t h e  NASA I R T .  
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Model Rotor T e s t i n g  i n  t h e  NASA I c i n g  Research Tunnel 

We have r e c e n t l y  comple ted  an i c i n g  t e s t  o f  a r o t a t i n g  OH-58 t a i l  ro tor  
i n  t h e  I R T .  The OH-58 t a i l  ro tor  has a 13 .3  cm c h o r d  and a 1.57 m d i a m e t e r .  
The p r i m a r y  purpose o f  t h i s  t e s t  was t o  d e v e l o p  t h e  t e c h n i q u e s  for o p e r a t i n g  a 
model r o to r  i n  an i c i n g  w ind  t u n n e l .  The secondary  purpose was t o  a c q u i r e  
d a t a  f o r  use i n  d e v e l o p i n g  v a r i o u s  computer  codes t h a t  p r e d i c t  i c e  a c c r e t i o n ,  
i c e  shedd ing ,  and ro to r  per fo rmance d e g r a d a t i o n  due t o  i c e  on  ro tors .  

O p e r a t i o n a l  concerns  addressed i n  t h e  t e s t  p rogram were as f o l l o w s :  
model and t u n n e l  s t a r t u p ;  c o o r d i n a t i o n  o f  model and t u n n e l  o p e r a t i o n ;  model 
and t u n n e l  shutdown; o b s e r v a t i o n  and documen ta t i on  o f  t h e  ro to r  i c e  a c c r e t i o n  
and shedd ing ;  s a f e t y  and emergency p rocedures ;  r e a c t i o n  of  t h e  ro tor  to  t h e  
a c c r e t i o n  and shedd ing  o f  i c e ,  and t h e  c o n t r o l  o f  t h e  model under these  
c i  rcumstances .  

V ideo  cameras r e c o r d e d  o v e r a l l  and c l o s e u p  v iews  o f  t h e  ro tor  i c e  b u i l d u p  
and shedd ing  p rocesses .  A r e m o t e l y  c o n t r o l l e d  35-mm camera was a l s o  used for 
d e t a i l e d  photographs  o f  t h e  i c e  f o r m a t i o n s  d u r i n g  t h e  r u n s .  A f t e r  each r u n ,  
photographs  and t r a c i n g s  o f  t h e  i c e  shapes were t a k e n  for each b l a d e .  For 
some s e l e c t e d  i c e  shapes, molds were made from wh ich  c a s t i n g s  o f  t h e  i c e  w i l l  
e v e n t u a l l y  be made. 

A s u b s t a n t i a l  and u n i q u e  ro tor  i c e  a c c r e t i o n  and per fo rmance d a t a  base 
was a c q u i r e d  i n  t h i s  t e s t .  The ro tor  b lade  i c e  shapes were found t o  be q u i t e  
r e p e a t a b l e  f o r  a g i v e n  s e t  o f  c o n d i t i o n s ,  and c o r r e s p o n d i n g  i c e d  ro tor  t o r q u e  
v a l u e s  were a l s o  r e p e a t a b l e  up t o  t h e  o n s e t  o f  shedd ing .  
t h e  i n b o a r d  r a d i a l  e x t e n t  from wh ich  i c e  neve r  shed was r e l a t i v e l y  r e p e a t a b l e ,  
b u t  t h e  shed t i m e s ,  l o c a t i o n s ,  and q u a n t i t i e s  o f  i c e  shed v a r i e d  s u b s t a n t i a l l y  
from r u n  t o  r u n .  A l t h o u g h  c o n s i d e r e d  p r e l i m i n a r y ,  t h i s  d a t a  w i l l  be u s e f u l  
f o r  compar isons w i t h  t h e  p r e d i c t i o n s  of i c e  a c c r e t i o n  codes, rotor per formance 
codes, and i c e  shedd ing  mode ls .  

When i c e  d i d  shed, 

F i g u r e s  28 and 29  show pho tos  of t h e  OH-58 t a i l  ro tor  r i g  and of i c e  
a c c r e t i o n s  on  t h e  ro to r ,  and F i g .  30 shows ro to r  t o r q u e  ve rsus  t i m e  d u r i n g  a 
t y p i c a l  i c i n g  e n c o u n t e r .  A d e t a i l e d  r e p o r t  o f  these  t e s t s  i s  i n  p r e p a r a t i o n  
and w i l l  be p u b l i s h e d  as R e f .  30.  

The s u c c e s s f u l  t e s t  o f  t h e  OH-58 t a i l  r o to r  has p r e p a r e d  t h e  way f o r  a 
more s o p h i s t i c a t e d  model ro tor  t e s t  t h a t  w i l l  be r u n  i n  t h e  I R T  l a t e r  t h i s  
y e a r .  I n  t h i s  t e s t ,  a s c a l e  model o f  t h e  UH-60 Blackhawk ( F i g .  28) w i l l  be 
t e s t e d  w i t h  f o u r  NACA 0012 rotor b l a d e s ,  and d a t a  w i l l  be a c q u i r e d  w i t h  a 
s ix-component  f o r c e  b a l a n c e .  A l l  f o u r  m a j o r  U .S .  h e l i c o p t e r  companies w i l l  
p a r t i c i p a t e  i n  t h e  t e s t .  

ADVANCED TURBOPROP ICING STUDIES 

NASA Lewis Research Cen te r  has been t h e  U .S .  l e a d e r  i n  managing t h e  
development  o f  t h e  new h i g h  speed, h i g h  e f f i c i e n c y  a i r c r a f t  p r o p u l s i o n  system, 
c a l l e d  t h e  advanced t u r b o p r o p  ( A T P ) .  
abou t  0 .85 Mach numbers. One o f  t h e  ATP t e c h n o l o g y  i s s u e s  t h a t  r e q u i r e s  
r e s e a r c h  i s  i c e  p r o t e c t i o n  ( R e f .  3 1 ) .  A l t h o u g h  a i r c r a f t  equ ipped  w i t h  advanced 
t u r b o p r o p s  w i l l  c r u i s e  a t  a l t i t u d e s  above t h e  FAR P a r t  25 Appendix  C i c i n g  

The ATP can o p e r a t e  e f f i c i e n t l y  up t o  
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enve lopes ,  t h e y  a r e  expec ted  t o  encoun te r  i c i n g  c o n d i t i o n s  d u r i n g  ground opera-  
t i o n ,  t a k e - o f f ,  c l i m b ,  descen t ,  low a l t i t u d e  h o l d ,  and t h e y  may c r u i s e  w i t h  
a c c r e t e d  i c e  o b t a i n e d  a t  t h e  lower a l t i t u d e s .  O f  p r i m a r y  concern  i s  t h e  po ten -  
t i a l  per fo rmance d e g r a d a t i o n  o f  A T P ' s  i n  i c i n g  env i ronmen ts .  Advanced t u r b o -  
p rops  a r e  b u i l t  so r u g g e d l y  t h a t  i t  i s  u n l i k e l y  t h a t  asymmet r i ca l  i c e  sheds 
w i l l  pose a s e r i o u s  v i b r a t i o n  prob lem,  i f  any a t  a l l .  

Whether t h e  ATP w i l l  r e q u i r e  i c e  p r o t e c t i o n  i s  n o t  known y e t .  A t  warmer 
i c i n g  tempera tu res ,  i t  i s  l i k e l y  t h a t  t h e  i c e  can be shed from t h e  t u r b o p r o p  
b lades  by s i m p l y  i n c r e a s i n g  eng ine  rpm. 
e s t  i c i n g  tempera tu res  where i c e  adhes ion  i s  known t o  be s t r o n g e r .  Even if 
t h e  i c e  can be shed a t  t h e  c o l d e s t  t empera tu res ,  some r e s i d u a l  i c e  may c l i n g  
t o  t h e  b l a d e s  and cause a loss i n  l i f t  and an i n c r e a s e  i n  d r a g .  

Bu t  t h e  i c e  may n o t  shed a t  t h e  c o l d -  

To s t u d y  t h e  e f f e c t  o f  i c e  a c c r e t i o n  on  ATP pe r fo rmance ,  NASA, H a m i l t o n  
S tandard ,  and P r a t t  & Whi tney  j o i n t l y  conducted  an i c i n g  t e s t  p rogram a t  t h e  
F l u i d y n e  I c i n g  Tunnel ( R e f .  3 1 ) .  The t e s t i n g  c o n s i s t e d  o f  e v a l u a t i n g  t h e  i c e  
a c c r e t i o n  c h a r a c t e r i s t i c s  and r e s u l t i n g  aerodynamic d e g r a d a t i o n  f o r  two t h i n ,  
two-d imens iona l  a i r f o i l  s e c t i o n s  t h a t  were r e p r e s e n t a t i v e  o f  advanced t u r b o -  
p r o p  a i r f o i l s .  
a n g l e s - o f - a t t a c k ,  and Mach numbers ( 0 . 3  t o  0 . 8 ) .  A t  each t e s t  p o i n t ,  t h e  
a c c r e t e d  i c e  shape and w e i g h t  were r e c o r d e d .  A i r f o i l  d r a g  and s u r f a c e  p r e s -  
sures  were measured f o r  each r u n .  

The t e s t s  were conducted  o v e r  a w ide  range o f  i c i n g  c o n d i t i o n s ,  

T h i s  d a t a  can be used f o r  s e v e r a l  pu rposes :  ( 1 )  t o  compare w i t h  LEWICE 
p r e d i c t i o n s  o f  i c e  shape; ( 2 )  t o  compare w i t h  l i f t  and d r a g  p r e d i c t i o n s  i n  t h e  
l i t e r a t u r e ;  ( 3 )  f o r  p r e d i c t i n g  ATP per fo rmance i n  i c i n g ;  and (4) f o r  c o n s t r u c t -  
i n g  a compos i te  i c e  shape t h a t  c o u l d  be bonded t o  t h e  l e a d i n g  edge of ATP 
b lades  for measur ing  per fo rmance l o s s e s  d u r i n g  f l i g h t .  

O t h e r  proposed e f f o r t s  under  c o n s i d e r a t i o n  f o r  t h e  l o n g e r  t e r m  i n c l u d e  
The g o a l s  o f  t h e s e  t e s t s  wou ld  be 

I t  i s  

t e s t i n g  of a scale-model  ATP i n  t h e  I R T .  
( 1 )  t o  measure per fo rmance changes due t o  i c i n g ,  ( 2 )  r e c o r d  a c t u a l  i c e  a c c r e -  
t i o n  shapes, ( 3 )  obse rve  shedd ing  c h a r a c t e r i s t i c s ,  and ( 4 )  use t h e  r e s u l t i n g  
d a t a  t o  v a l i d a t e  p r o p e l l e r  per fo rmance codes and i c e  shedd ing  codes.  
u n l i k e l y  t h a t  s a t i s f a c t o r y  i c i n g  s c a l i n g  laws w i l l  be f o u n d  f o r  r e l a t i n g  
sub-sca le  model t e s t i n g  t o  f u l l - s c a l e .  
t o  d e v e l o p  fundamenta l  computer  models f o r  p r e d i c t i n g  changes i n  pe r fo rmance  
and i c e  shedd ing  c h a r a c t e r i s t i c s ,  we may be a b l e  t o  bypass t h e  s c a l i n g  ques-  
t i o n  and use these  models t o  p r e d i c t  f u l l - s c a l e  r e s u l t s .  

Bu t  i f  t h e  sub-sca le  d a t a  can be used 

GROUND DEICING FLUIDS FOR WINTER OPERATION 

The Boe ing  Commercial A i r p l a n e s  Company and NASA conduc ted  a j o i n t  t e s t  
p rogram i n  t h e  I R T  t o  e v a l u a t e  t h e  Type I and Type I 1  ground d e i c i n g  f l u i d s  
t h a t  a r e  used by  t h e  A s s o c i a t i o n  o f  European A i r l i n e s  ( A E A )  d u r i n g  w i n t e r  ope r -  
a t i o n s  ( R e f .  3.2). Seve ra l  e x p e r i m e n t a l  f l u i d s  were a l s o  t e s t e d  as p o s s i b l e  
c a n d i d a t e s  t o  r e p l a c e  t h e  t h e n - c u r r e n t  Type I 1  f l u i d s .  The o b j e c t  of t h e  t e s t s  
was t o  assess t h e  aerodynamic per fo rmance p e n a l t i e s  t h a t  r e s u l t  when an a i r -  
p l a n e  t a k e s  o f f  w i t h  g round d e i c i n g  f l u i d s  on i t s  w ings .  

Type I f l u i d s  a r e  p r o p y l e n e  g l y c o l ,  wh ich  have h o l d  t i m e s  s i m i l a r  t o  
t h o s e  o f  t h e  e t h y l e n e  g l y c o l  f l u i d s  used i n  t h e  U.S.A. f o r  remov ing  i c e  and 
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snow from a i r c r a f t  p r i o r  to  t a k e o f f .  Type I 1  f l u i d s  a r e  non-Newtonian ( t h i x o -  
t r o p i c )  f l u i d s  whose v i s c o s i t y  v a r i e s  i n v e r s e l y  w i t h  t h e  r a t e  o f  shear  a p p l i e d  
t o  t h e  f l u i d .  The Type I 1  f l u i d  i s  a l s o  c a l l e d  a t h i c k e n e d  f l u i d ,  because i t  
has t h e  v i s c o s i t y  o f  a g e l  when s i t t i n g  on  t h e  w ings  o f  a grounded a i r p l a n e .  
B u t  d u r i n g  t a k e o f f ,  t h e  a i r  r u s h i n g  o v e r  t h e  wings e x e r t s  a shear s t r e s s  on  
t h e  f l u i d ,  t h u s  r e d u c i n g  i t s  v i s c o s i t y  and a l l o w i n g  t h e  f l u i d  t o  f low o f f  t h e  
w ing .  

Pr ior  t o  t h e  I R T  t e s t s ,  t h e  AEA and Boe ing  had conducted  a j o i n t  f l i g h t  
t e s t  program on a Boe ing  737 a i r c r a f t  t o  e v a l u a t e  t h e  Type I and Type I 1  f l u i d s  
d u r i n g  t a k e  o f f .  The r e s u l t s  o f  those  t e s t s  were as fol lows: D u r i n g  t a k e o f f ,  
as t h e  a i r s p e e d  o v e r  t h e  w ing  i n c r e a s e d ,  t h e  f l u i d  s u r f a c e  became wavy and t h e  
f l u i d  began t o  r u n  o f f  t h e  w ing ,  b u t  i t  a l s o  accumula ted  near  t h e  t r a i l i n g  
edge. The waviness roughened t h e  upper  a i r f o i l  s u r f a c e ,  and t h e  f l u i d  accumu- 
l a t i o n  near t h e  t r a i l i n g  edge decambered t h e  a i r f o i l .  
caused a loss i n  l i f t ,  an i n c r e a s e  i n  d rag ,  and a reduced s t a l l  a n g l e - o f -  
a t t a c k .  The l a s t  e f f e c t  was obse rved  l a t e r  i n  t h e  w ind  t u n n e l  t e s t s ,  b u t  n o t  
i n  t h e  f l i g h t  t e s t s  because t h e  a i r c r a f t  was n o t  f l o w n  i n t o  s t a l l  w h i l e  so 
c l o s e  t o  t h e  ground.  

Bo th  o f  these  e f f e c t s  

Tes ts  were conducted  on  two models i n  t h e  I R T :  ( 1 )  a 0.091 s c a l e  3D h a l f  
model o f  t h e  Boe ing  737-200 ADV a i r c r a f t ,  and ( 2 )  a 0 .18  s c a l e  20 a i r f o i l  sec- 
t i o n  a t  t h e  65 p e r c e n t  span o f  t h e  737-200 ADV a i r c r a f t  ( F i g .  31 and 32 
r e s p e c t i v e l y ) .  Wind t u n n e l  t e s t  o b j e c t i v e s  were as fo l lows:  ( 1 )  c o r r e l a t e  w ind  
t u n n e l  and f l i g h t  t e s t  measurements o f  aerodynamic e f f e c t s  o f  d e - / a n t i - i c i n g  
f l u i d s ;  ( 2 )  e v a l u a t e  f l u i d  e f f e c t s  t h a t  c o u l d  n o t  be s a f e l y  pe r fo rmed  d u r i n g  
f l i g h t  t e s t s ;  (3) expand f l i g h t  t e s t  r e s u l t s  f o r  p a r a m e t r i c  v a r i a t i o n s  o f  tem- 
p e r a t u r e ,  a i r f o i l  c o n f i g u r a t i o n ,  and f l u i d  f o r m u l a t i o n ;  ( 4 )  c o n t r i b u t e  t o  t h e  
d a t a  base f o r  e s t a b l i s h i n g  aerodynamic acceptance s t a n d a r d s  for ground 
d e - / a n t i - i c i n g  f l u i d s ;  and ( 5 )  o b t a i n  d a t a  t h a t  c o n t r i b u t e s  t o  a p h y s i c a l  
u n d e r s t a n d i n g  o f  t h e  l i f t  loss mechanism. 

The d a t a  o b t a i n e d  from t h e  w ind  t u n n e l  t e s t s  i n c l u d e d  ( 1 )  model f o r c e  
d a t a  from i n t e r n a l  ba lances ;  ( 2 )  s u r f a c e  s t a t i c  p r e s s u r e s ;  ( 3 )  i n i t i a l  f l u i d  
f i l m  dep th  from a gap gauge, ( 4 )  f l u i d  f i l m  d e p t h  from a r e l a t i o n s h i p  between 
d e p t h  and photographed f l u o r e s c e n t  i n t e n s i t y  ( a  f l u o r e s c e n t  dye added t o  t h e  
f l u i d  and i l l u m i n a t e d  w i t h  u l t r a - v i o l e t  l i g h t ) ;  ( 5 )  v i d e o  r e c o r d i n g s  of f l u i d  
f low-off c h a r a c t e r i s t i c s ;  and ( 6 )  boundary  l a y e r  v e l o c i t y  p r o f i l e s .  

T y p i c a l  r e s u l t s  a r e  shown i n  b a r  c h a r t  form i n  F i g .  33 where t h e  p e r c e n t  
loss i n  l i f t  a t  8" a n g l e - o f - a t t a c k  and a l s o  a t  s t a l l  a r e  p r e s e n t e d  f o r  t h e  
Type I ( l a b e l e d  1 )  and Type I 1  ( l a b e l e d  3) f l u i d s  and e i g h t  e x p e r i m e n t a l  Type 
I 1  f l u i d s .  A l l  o f  t h e  e x p e r i m e n t a l  f l u i d s  showed l o w e r  l i f t  l o s s  t h a n  t h e  
t h e n - c u r r e n t  Type I 1  f l u i d ,  and t h e  l o s s e s  f o r  t h e  e x p e r i m e n t a l  f l u i d s  were 
comparable to  t h e  l o s s e s  f o r  t h e  Type I f l u i d .  

An i m p o r t a n t  outcome o f  t h i s  t e s t  p rogram was t h a t  t h e  e x p e r i m e n t a l  Type 
I 1  f l u i d s  t e s t e d  i n  t h e  I R T  i n  A p r i l  1988 have now become t h e  c u r r e n t  opera-  
t i o n a l  f l u i d s  i n  Europe. Ano the r  s i g n i f i c a n t  outcome i s  t h a t  t hese  q u a n t i f i a -  
b l e  t e s t  r e s u l t s  showed t h a t  t hese  new Type I 1  f l u i d s  do  n o t  degrade t a k e o f f  
aerodynamic per fo rmance anymore t h a n  do t h e  Type I f l u i d s .  The Type I 1  f l u i d s  
have been shown b y  t h e  AEA t o  have f a r  g r e a t e r  h o l d o v e r  t i m e s  t h a n  t h e  AEA 
Type I f l u i d s .  
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NASA also is funding research by Dr. C.S. Yih at the University of Florida 
to derive an analytical model of the surface instability that causes the fluid 
waves on the airfoil. Dr. Yih has identified the instability as being driven 
by the large fluid-to-air viscosity ratio. He has also derived dimensionless 
parameters that should be preserved during scale model testing to assure that 
model test results will represent full-scale results. A paper on the analyti- 
cal formulation and mathematical solution will be published later. 

DROPLET S I Z I N G  INSTRUMENTATION FOR I C I N G  CLOUDS 

Very accurate droplet size data is needed to validate droplet trajectory 
codes, such as the one used in LEWICE. And automated droplet sizing systems 
are needed to calibrate the IRT in a shorter time and with far fewer personnel 
than were employed in the earlier calibration program of the 1950 ' s .  NASA's 
droplet sizing effort is divided into two parts: (1 )  research to devise meth- 
ods of calibrating and checking the accuracy of existing droplet sizing instru- 
ments; and ( 2 )  development of a new instrument that promises to overcome some 
of the known problems of the existing instruments. 

Calibration Devices for Existing Wind Tunnel and Flight Instruments 

Reference 33 presents a detailed review of the droplet sizing research 
conducted to understand the calibration and operation of two instruments manu- 
factured by Particle Measuring Systems, Inc. (PMS): the FSSP (forward scatter- 
ing spectrometer probe) and OAP (optical array probe). 

A rotating pinhole device (Fig. 34) was developed (Refs. 33 and 34) to 
check the calibration of the FSSP. A calibration curve o f  the FSSP using 
rotating pinholes is given in Fig. 35. The value of this device is that it 
can be inserted into the FSSP probe volume at anytime to check whether the 
instrument is scattering light into the correct droplet size bin. 
can uncover misalignment of the laser or its optical system, it can measure 
optical parameters such as depth-of-field and optical collection angles, it 
can detect dirt or other contamination on the laser optics, and it can detect 
problems with the electronics systems. The device has proved invaluable in the 
recent calibration of the I R T ,  where it was demonstrated that such a calibra- 
tion device is absolutely essential to the proper field operation of the FSSP. 

This device 

NASA has checked the sizing accuracy of the FSSP by three methods: 
(1 )  pinholes, ( 2 )  glass beads, and ( 3 )  a water droplet generator. The results 
of these checks are shown in Fig. 36 where it can be seen that at the mid to 
upper range of the FSSP, the measured droplet size begins to depart signifi- 
cantly from the actual size. Thus in clouds with large droplets, the FSSP 
would undersize the median volume diameter 5 to 10 pm. 

620 pm. NASA 
that provides 
(Refs. 33 and 
the rotating 

When cal 
were required 

The ODtical Array Probe (OAP) is used to measure droplets from 10 to 
has developed a rotating reticle calibration disk for the OAP 
absolute calibration over the entire size range of the OAP 
35) .  Figure 37 shows the calibration curve for the OAP using 
eticle. 

brating the icing cloud in the IRT, both the FSSP and the OAP 
because the droplet size range extended beyond the range of the 
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FSSP a l o n e .  Thus r e s u l t s  from t h e  OAP and FSSP had t o  be sp 
to o b t a i n  a c o n t i n u o u s  d r o p l e t  d i s t r i b u t i o n .  U n f o r t u n a t e l y ,  
ess i s  n o t  e x a c t ,  and s i n c e  t h e  median volume d i a m e t e r  (MVD) 
e x t r e m e l y  s e n s i t i v e  t o  t h e  number o f  l a r g e r  d r o p l e t s ,  t h e  me 
l a r g e r  M V D ' s  has an i n d e t e r m i n a t e  u n c e r t a i n t y .  

i c e d  t o g e t h e r  
t h e  s p l i c i n g  p r o c -  
o f  t h e  c l o u d  i s  
surement o f  t h e  

Development o f  a Wind Tunnel and F l i q h t  I n s t r u m e n t  

A newer i n s t r u m e n t  deve loped by  A e r o m e t r i c s ,  I n c . ,  named t h e  Phase Dopp le r  
P a r t i c l e  A n a l y z e r  (PDPA) ,  shows p romise  o f  e l i m i n a t i n g  some o f  t h e  l i m i t a t i o n s  
we have i n  c a l i b r a t i n g  t h e  I R T  w i t h  t h e  FSSP and OAP ( R e f .  36 ) .  NASA has 
worked v e r y  c l o s e l y  w i t h  A e r o m e t r i c s  t o  upgrade t h e  l a b o r a t o r y  PDPA i n s t r u -  
ment. These upgrades,  wh ich  c e n t e r  on  t h e  s i g n a l  p r o c e s s o r ,  w i l l  r e s u l t  i n  t h e  
f o l l o w i n g  improvements: ( 1 )  measurement o f  p a r t i c l e s  w i t h  v e l o c i t i e s  rep resen-  
t a t i v e  of f l i g h t  speeds; ( 2 )  i n c r e a s e  i n  dynamic s i z e  range from 35 t o  50 
(dynamic s i z e  range i s  t h e  r a t i o  o f  l a r g e s t  p a r t i c l e  s i z e  t o  s m a l l e s t  p a r t i c l e  
s i z e ) ;  and ( 3 )  g r e a t e r  s i z e  accu racy  a t  h i g h  speeds and dense sp rays .  
upgrades ,  when comple ted ,  shou ld  a l l o w  us t o  use a s i n g l e  i n s t r u m e n t  for meas- 
u r i n g  t h e  e n t i r e  o p e r a t i n g  enve lope o f  t h e  I R T  c l o u d .  

These 

C u r r e n t l y ,  t h e  PDPA i s  a l a b o r a t o r y  i n s t r u m e n t  t h a t  can p robe  c l o u d s  up t o  
abou t  2 f t  i n  d e p t h .  Bu t  i n  i t s  p r e s e n t  form, i t  canno t  be used i n  t h e  I R T ,  
whose t e s t  s e c t i o n  i s  1.82 by  2 .74  m (6 by 9 f t ) .  Nor can i t  be used i n  an 
a i r c r a f t  t o  sample c l o u d s .  To c o n v e r t  t h e  l a b o r a t o r y  PDPA fo r  use on  a i r c r a f t  
o r  t h e  I R T ,  A e r o m e t r i c s  was awarded Phase I and Phase I1 Smal l  Bus iness  Innova-  
t i v e  Research c o n t r a c t s .  For t h e  f l i g h t  v e r s i o n ,  a sma l l  t r a n s m i t t e r  and 
r e c e i v e r  u n i t  w i l l  be p l a c e d  i n  t h e  c l o u d  and t h e  l a s e r  l i g h t  w i l l  be s e n t  t o  
and from t h e  u n i t  by  f i b e r  o p t i c  c a b l e s .  The Phase I 1  c o n t r a c t  i s  f o r  2 y e a r s  
and i s  j u s t  g e t t i n g  under  way. 

EXPERIMENTAL I C I N G  F A C I L I T I E S  

The NASA I c i n g  Research Tunnel has f o r  s e v e r a l  y e a r s  been one of N A S A ' s  
most h e a v i l y  schedu led  w ind  t u n n e l s ,  w i t h  t e s t s  schedu led  up t o  two y e a r s  i n  
advance. I n  1988, t h e  t u n n e l  l ogged  1330 t e s t  hou rs ,  wh ich  i s  t h e  h i g h e s t  
annual  usage on  r e c o r d  s i n c e  1950. The I R T  i s  t h e  l a r g e s t  r e f r i g e r a t e d  t u n n e l  
i n  t h e  w o r l d .  The t e s t  s e c t i o n  i s  1 .82  m h i g h  by  2 .74  m w ide  by  6 .09  m l o n g  
( 6  f t h i g h  by  9 f t  wide by  20 f t  l o n g ) .  I t s  maximum a i r s p e e d  empty i s  134 m /  
sec (300 mph), and i t s  maximum a i r s p e e d  w i t h  a model i n s t a l l e d  depends on  t h e  
model b lockage .  The I R T  can p r o v i d e  t u n n e l  t o t a l  t empera tu res  from 0 t o  -35 " C  
(+32 t o  -30 OF). 

supercoo led  i c i n g  c l o u d s  t h a t  cove r  most, b u t  n o t  a l l ,  o f  t h e  FAA P a r t  25  
Appendix C i c i n g  enve lopes .  

Two d i f f e r e n t  s e t s  o f  n o z z l e s  a r e  a v a i l a b l e  f o r  p r o d u c i n g  

Recent R e h a b i l i t a t i o n  o f  t h e  NASA I c i n q  Research Tunnel 

Two y e a r s  ago, t h e  I R T  underwent  e x t e n s i v e  r e n o v a t i o n s  aimed a t  i m p r o v i n g  
i t s  r e l i a b i l i t y  and p r o d u c t i v i t y .  The ma jo r  improvements a r e  as fo l lows:  
( 1 )  a new sp ray  b a r  sys tem,  wh ich  has e i g h t  b a r s  t o  p r o v i d e  a more u n i f o r m  
c l o u d  t h a n  d i d  t h e  o r i g i n a l  s i x  b a r s ;  ( 2 )  a new 3 .73  MW (5000 hp)  d r i v e  motor; 
( 3 )  new s o l i d  s t a t e  c o n t r o l s  f o r  t h e  d r i v e  motor; ( 4 )  a new d i s t r i b u t e d  p r o c -  
ess c o n t r o l  system, wh ich  p r o v i d e s  programmable, d i g i t a l  c o n t r o l  o f  t h e  d r i v e  
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motor, t h e  r e f r i g e r a t i o n  
tems; ( 5 )  a t h r e e - t i m e s -  
( 6 )  new e l e c t r i c a l  Dower 

sys tem,  t h e  sp ray  b a r  system, and o t h e r  s u p p o r t  sys- 
a r g e r  c o n t r o l  room w i t h  v a s t l y  improved a c o u s t i c s ;  
s u m l i e s  fo r  o D e r a t i o n  o f  a i r c r a f t  t e s t  models w h i l e  

i n  t h e  I R T ;  and ( 7 ) ' r e p l a c e m e n t  o f  a l l  wooden f loors w i t h  c o n c r e t e  f loors .  

F i g u r e  38 shows a schemat ic  o f  t h e  I R T  f low c i r c u i t  and i d e n t i f i e s  t h e  
components t h a t  were r e h a b i l i t a t e d .  These improvements n o t  o n l y  have i n c r e a s e d  
p r o d u c t i v i t y ,  b u t  a l s o  have p r o v i d e d  new t e s t  c a p a b i l i t i e s .  For example, t h e  
BoeingjNASA ground d e i c i n g  f l u i d s  t e s t  program, wh ich  r e q u i r e d  ramp ing  t h e  I R T  
a i r s p e e d  t o  s i m u l a t e  t a k e o f f ,  c o u l d  n o t  have been done w i t h  t h e  o l d  d r i v e  motor 
and c o n t r o l s .  

R e c a l i b r a t i o n  o f  t h e  NASA I c i n g  Research Tunnel 

The purpose o f  t h e  I R T  i s  t o  s i m u l a t e  a f l i g h t  t h r o u g h  n a t u r a l  i c i n g  
c l o u d s .  
l o w i n g  pa ramete rs :  t h e  aerothermodynamic v a r i a b l e s  o f  a i r s p e e d ,  tempera tu re ,  
and t u r b u l e n c e  l e v e l ;  and t h e  i c i n g  c l o u d  v a r i a b l e s  o f  l i q u i d  wa te r  c o n t e n t  
and d r o p l e t  s i z e .  O t h e r  s i m u l a t i o n  i s s u e s ,  such as s c a l i n g ,  a r e  r e s o l v e d  by  
ana lyses  and e x p e r i m e n t a l  t e c h n i q u e .  

The q u a l i t y  o f  t h a t  s i m u l a t i o n  depends on  i t s  c a l i b r a t i o n  f o r  t h e  fo l -  

The r e c e n t  c a l i b r a t i o n  i n c l u d e d  a l l  o f  t h e  above pa ramete rs .  F i g u r e  39 
shows a p r e l i m i n a r y  d r o p l e t  s i z e  c a l i b r a t i o n  fo r  t h e  I R T  " s t a n d a r d "  n o z z l e s .  
F i g u r e  40 shows t h e  I R T  o p e r a t i n g  enve lope f o r  b o t h  t h e  " s t a n d a r d "  and "mod 1 "  
n o z z l e s  a t  a t u n n e l  a i r s p e e d  o f  (112 m/sec> 250 mph. 
i b r a t i o n  o f  t h e  s p r a y  n o z z l e s  s i n c e  1956. 
b r a t i o n  i s  t h a t  t h e  upper  l i m i t  on  c a l i b r a t e d  MVD d r o p l e t  s i z e  has been 
i n c r e a s e d  from 20 t o  40 pm. 

T h i s  was t h e  f i r s t  r e c a l -  
One improvement o v e r  t h e  o l d  C a l i -  

Tunnel S i m u l a t i o n  Versus N a t u r a l  I n - F l i g h t  T e s t s  

Flow t u r b u l e n c e  l e v e l  i s  a lways  an e lement  o f  concern  i n  an i c i n g  t u n n e l  
because b o t h  t h e  p h y s i c a l  b lockage  o f  s p r a y  b a r s  and t h e  w a t e r  and a i r  t h a t  
come o u t  of t h e  s p r a y  b a r s  s h o u l d  a f f e c t  t u r b u l e n c e .  S ince  t u r b u l e n c e  l e v e l  
i n  t h e  I R T  wou ld  a f f e c t  b o t h  t h e  i c e  a c c r e t i o n  p rocess  and t h e  e v a l u a t i o n  of 
t h e r m a l  i c e  p r o t e c t i o n  s y s t e m s ,  u s e r s  o f t e n  want t o  know about t h e  I R T ' s  t u r b u -  
l e n c e  l e v e l  and i f  i t  a d e q u a t e l y  s i m u l a t e s  i n f l i g h t  c o n d i t i o n s .  

The t u r b u l e n c e  l e v e l  i n  t h e  I R T  t e s t  s e c t i o n ,  as measured by  VanFossen 
( R e f .  37) w i t h  h o t  w i r e s ,  i s  abou t  0.5 p e r c e n t  when t h e  wa te r  and a i r  t o  t h e  
s p r a y  b a r s  a r e  t u r n e d  o f f .  O b v i o u s l y ,  t h e  t u r b u l e n c e  l e v e l  canno t  be measured 
w i t h  t h e  c l o u d  on  because t h e  wa te r  d r o p l e t s  s t r i k i n g  t h e  h o t  w i r e s  wou ld  
i n v a l i d a t e  t h e i r  r e a d i n g s .  Bu t  we have t r i e d  t o  measure t h e  t u r b u l e n c e  l e v e l  
w i t h  t h e  h o t  (180 O F )  sp ray  b a r  a i r  t u r n e d  on .  
v a l i d  h o t  w i r e  r e a d i n g  was p o s s i b l e ,  b u t  a f t e r  c a r e f u l  s t u d y ,  VanFossen d e c i d e d  
t h a t  f i l a m e n t s  o f  t h e  h o t  sp ray  b a r  a i r  may have been h i t t i n g  t h e  h o t  w i r e s  and 
g i v i n g  i n c o r r e c t  r e a d i n g s .  

A t  f i r s t  i t  appeared t h a t  a 

To address  t h e  h e a t  t r a n s f e r  q u e s t i o n  fo r  t h e  I R T ,  NASA measured h e a t  
t r a n s f e r  per fo rmance on  a NACA 0012 a i r f o i l  ( 53 .3  c m  (21  i n . )  cho rd )  i n  t h e  
I R T  ( w i t h  h o t  s p r a y  b a r  a i r  t u r n e d  on )  and compared i t  w i t h  h e a t  t r a n s f e r  p e r -  
formance o n  t h e  same model i n  f l i g h t  ( R e f .  3 8 ) .  The model was ex tended  o u t  
t h e  overhead h a t c h  o f  t h e  Twin O t t e r  as shown i n  F i g .  41. F i g u r e  42 shows a 
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p l o t  o f  F r o s s l i n g  number ve rsus  l o c a t i o n  on  t h e  a i r f o i l  f o r  d a t a  t a k e n  i n  
f l i g h t  and i n  t h e  I R T  ( R e f .  3 9 ) .  The f i g u r e  shows t h a t  t h e r e  i s  no d i s t i n -  
g u i s h a b l e  d i f f e r e n c e  between h e a t  t r a n s f e r  i n  f l i g h t  and i n  t h e  I R T .  

FUNDAMENTAL STUDIES IN ICING 

NASA m a i n t a i n s  a s t r o n g  e f f o r t  i n  i c i n g  fundamenta l s ,  wh ich  i s  t h e  back- 
bone of any program t h a t  i s  d e v e l o p i n g  new computer  codes and new t e s t  t ech -  
n i q u e s .  We have a l r e a d y  d e s c r i b e d  s e v e r a l  fundamenta l  s t u d i e s ,  for example, 
i n  f o r m u l a t i n g  a new d e s c r i p t i o n  o f  t h e  i c e  a c c r e t i o n  p rocess ,  and i n  o b t a i n i n g  
fundamental f l o w f i e l d  d a t a  f o r  f low o v e r  i c e  shapes t h a t  cause f low s e p a r a t i o n  
and r e a t t a c h m e n t .  I n  t h i s  s e c t i o n  we r e v i e w  work on  two i m p o r t a n t  p rob lems:  
i c i n g  s c a l i n g  l aws ,  and s t r u c t u r a l  and adhes ive  p r o p e r t i e s  o f  i n - f l i g h t  i c e .  

I c i n s  S c a l i n g  Laws 

The proposed or d e s i r e d  t e s t  m a t r i x  f o r  an i c i n g  t e s t  u s u a l l y  i n v o l v e s  t h e  
f o l l o w i n g  v a r i a b l e s :  a i r s p e e d ,  o u t s i d e  a i r  t empera tu re ,  a l t i t u d e ,  c l o u d  l i q u i d  
wa te r  c o n t e n t ,  c l o u d  d r o p l e t  s i z e  d i s t r i b u t i o n  or median volume d i a m e t e r ,  and 
model s i z e  o r  s c a l e .  I n  a f l i g h t  t e s t  i n  n a t u r a l  i c i n g ,  or i n  an a r t i f i c i a l  
c l o u d  b e h i n d  an i n - f l i g h t  sp ray  t a n k e r ,  chances a r e  t h a t  t h e  e x a c t  s e t  of v a r -  
i a b l e s  d e s i r e d  w i l l  be u n a t t a i n a b l e .  I n  a w ind  t u n n e l  t e s t ,  c e r t a i n  combina- 
tions o f  variables also will be unattainable. For example, m o s t  i c i n g  wind 
t u n n e l s  have maximum a i r s p e e d s  f a r  be low t h e  speeds o f  modern t r a n s p o r t  or 
m i l i t a r y  a i r c r a f t .  And due t o  t h e  p r a c t i c a l  l i m i t s  on  n o z z l e  turn-down r a t i o s  
and n o z z l e  d r o p l e t  s i z e  ranges  no  w ind  t u n n e l  can a c h i e v e  t h e  f u l l  FAA P a r t  25  
Appendix  C o p e r a t i n g  enve lopes  o v e r  t h e  f u l l  speed range o f  t h e  t u n n e l .  

I f  t h e  d e s i r e d  t e s t  v a r i a b l e s  canno t  be met, t h e  e x p e r i m e n t e r  must  r e s o r t  
t o  some form o f  s c a l i n g .  V a r i o u s  o b j e c t i v e s  can be imag ined f o r  any p a r t i c u l a r  
s c a l e d  t e s t :  ( 1 )  a g e o m e t r i c a l l y  s i m i l a r  i c e  shape; ( 2 )  an e q u i v a l e n t  d r a g  
c o e f f i c i e n t  f o r  t h e  i c e  shape/model comb ina t ion ;  ( 3 )  t h e  same wa te r  f l u x  a round 
t h e  a i r f o i l  l e a d i n g  edge; ( 4 )  t h e  same h e a t  t r a n s f e r  r e s u l t s  for a the rma l  i c e  
p r o t e c t i o n  system; ( 5 )  r i m e  i c i n g  c o n d i t i o n s  ( i . e . ,  a l l  wa te r  must f r e e z e  imme- 
d i a t e l y  upon i m p a c t ) ;  and so on .  S c a l i n g  laws have a lways  been used,  b u t  neve r  
r i g o r o u s l y  v a l i d a t e d  ( R e f .  4 0 ) .  T h i s  does n o t  mean t h e  t e s t s  were done i n c o r -  
r e c t l y ,  f o r  i c i n g  has been and a lways  w i l l  be p a r t  s c i e n c e  and p a r t  a r t .  T h i s  
i s  why i n f l i g h t  t e s t i n g  i n  n a t u r a l  i c i n g  c l o u d s  a lways  w i l l  be a r e q u i r e d  p a r t  
of t h e  certification/qualification process .  

Reference 40 g i v e s  a good b i b l i o g r a p h y  o f  t h e  work done p r e v i o u s l y  on  
s c a l i n g .  Most o f  these  works on  s c a l i n g  r e l y  on  an a n a l y s i s  o f  t h e  i c e  acc re -  
t i o n  p rocess  d e s c r i b e d  by  Mess inger  ( R e f .  13) o v e r  30 y e a r s  ago. New i n s i g h t s  
i n t o  t h e  i c e  a c c r e t i o n  p rocess  by  O lsen  ( R e f .  14) and Hansman ( R e f s .  15 and 1 6 )  
have l e d  B i l a n i n  ( R e f .  41) t o  a p p l y  t h e  Buckingham p i  t h e o r y  t o  t h e  i c e  acc re -  
t i o n  prob lem.  B i l a n i n  showed t h a t  t h e  n o r m a l i z e d  t h i c k n e s s  o f  t h e  i c e  a c c r e t e d  
on t h e  a i r f o i l  i s  a f u n c t i o n  o f  18 nond imens iona l  g roups .  A l t h o u g h  many o f  t h e  
groups  a r e  s a t i s f i e d  i n  any s c a l i n g  t e s t ,  t h e r e  e x i s t s  a p rob lem h o l d i n g  Mach, 
Reynolds and Weber numbers c o n s t a n t  between t e s t s .  He conc luded t h a t  t h e  o l d  
Mess inger  f o r m u l a t i o n  may be i nadequa te ,  and t h a t  improved i c e  a c c r e t i o n  seal- 
i n g  may r e q u i r e  a b e t t e r  match i n  Reyno lds  number and c o n s i d e r a t i o n  o f  t h e  
p h y s i c s  o f  wa te r  f i l m  and d r o p l e t  s p l a s h  dynamics on  t h e  a i r f o i l  s u r f a c e .  
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I n  R e f .  41 B i l a n i n  conc luded  t h a t  compet ing  p h y s i c a l  e f f e c t s  do  n o t  i n  
g e n e r a l  a l l o w  a r i g o r o u s  s c a l i n g  methodo logy ,  b u t  an a c c e p t a b l e  app rox ima te  
s c a l i n g  scheme may be p o s s i b l e .  
and n o n r o t a t i n g  c y l i n d e r s  t o  v a l i d a t e  t h e  approx ima te  schemes. NASA p l a n s  t o  
p a r t i c i p a t e  i n  a j o i n t  A i r  Force/FAA/NASA program t o  c a r r y  o u t  t hese  suggested  
t e s t s  l a t e r  t h i s  y e a r .  

He has suggested a s e r i e s  o f  t e s t s  on r o t a t i n g  

S t r u c t u r a l  and Adhes ive  P r o p e r t i e s  o f  I n - F l i g h t  I c e  

Over t h e  p a s t  5 y e a r s ,  NASA has suppor ted  a c o n t i n u o u s ,  b u t  l o w - l e v e l  
e f f o r t  t o  s t u d y  t h e  s t r u c t u r a l  p r o p e r t i e s  o f  i c e  fo rmed i n  f l i g h t .  T h i s  work 
i s  d e s c r i b e d  i n  Re fs .  42 t o  47.  I c e  fo rmed i n  f l i g h t  or i n  an i c i n g  r e s e a r c h  
t u n n e l  r e s u l t s  from supercoo led  wa te r  d r o p l e t s  i m p a c t i n g  a s u r f a c e  a t  f l i g h t  
speed or w ind  t u n n e l  a i r s p e e d .  We r e f e r  t o  i c e  so fo rmed as ' i m p a c t '  i c e .  
Impac t  i c e  can v a r y  i n  t y p e  o v e r  a w ide  range ,  depend ing  on  t h e  l i q u i d  w a t e r  
c o n t e n t  and d r o p l e t  s i z e  d i s t r i b u t i o n  i n  t h e  c l o u d ,  on  t h e  o u t s i d e  a i r  tempera- 
t u r e ,  and o n  t h e  d r o p l e t  v e l o c i t i e s .  The adhes ion  o f  i c e  t o  a s u r f a c e  depends 
n o t  o n l y  on  t h e  t y p e  o f  i c e  fo rmed,  b u t  a l s o  on t h e  roughness ,  p o r o s i t y ,  and 
o t h e r  fundamenta l  p r o p e r t i e s  o f  t h e  s u r f a c e .  The s t a t i s t i c a l  v a r i a t i o n  of i c e  
p r o p e r t i e s  from one t e s t  t o  t h e  n e x t  i s  a r e a l  phenomenon, and i t  must  be 
accounted  f o r  i n  t h e  d e s i g n  o f  systems t h a t  depend on i c e  shedd ing  for t h e i r  
o p e r a t i o n .  

The o v e r a l l  o b j e c t i v e s  o f  t h e  p r o j e c t  a r e  ( 1 )  t o  measure t h e  s t r u c t u r a l  
p r o p e r t i e s  of impac t  i c e ,  such as ,  b a s i c  t e n s i l e  p r o p e r t i e s ,  adhes ive  c h a r a c t -  
e r i s t i c s ,  and p e e l  p r o p e r t i e s  and ( 2 )  t o  deve lop  f i n i t e  e lement  a n a l y t i c a l  
methods for  use i n  t h e  a n a l y s i s  and d e s i g n  o f  d e i c i n g  systems and i c i n g  t e s t i n g  
a p p a r a t u s .  

T e s t  appara tuses  have been des igned  t o  measure each o f  t h e  t h r e e  b a s i c  
mechan ica l  p r o p e r t i e s :  ( 1 )  t e n s i l e  (Young 's  modulus ( E ) ,  and u l t i m a t e  t e n s i l e  
s t r e n g t h  o f  impac t  i c e  i n  a d i r e c t i o n  t r a n s v e r s e  t o  t h e  d i r e c t i o n  of i c e  
g r o w t h ) ;  ( 2 )  shear  ( a d h e s i o n ) ;  and ( 3 )  p e e l i n g .  Da ta  has been o b t a i n e d  on  b o t h  
adhes ive  shear  s t r e n g t h  o f  impac t  i c e s  and p e e l i n g  f o r c e s  for v a r i o u s  i c i n g  
c o n d i t i o n s .  B e i n g  s t u d i e d  a r e  t h e  i n f l u e n c e s  o f  k e y  pa ramete rs ,  such as ,  t un -  
n e l  t empera tu re ,  w ind  v e l o c i  t,y, wa te r  d r o p  s i z e ,  s u b s t r a t e  m a t e r i a l ,  s u b s t r a t e  
su r face  t e m p e r a t u r e ,  and i c e  t h i c k n e s s .  A f i n i t e  e lemen t  a n a l y s i s  o f  t h e  shear  
t e s t  a p p a r a t u s  was deve loped i n  o r d e r  t o  g a i n  more i n s i g h t  i n t o  t h e  e v a l u a t i o n  
of t h e  t e s t  d a t a .  

Measurements i n d i c a t e  t h a t  s u r f a c e  roughness has a ma jo r  e f f e c t  on  t h e  
adhes ive  shear  s t r e n g t h .  A d d i t i o n a l  adhes ive  shear  s t r e n g t h  t e s t s  a r e  p lanned  
i n  wh ich  t h e  su r face  roughness w i l l  be s y s t e m a t i c a l l y  v a r i e d .  

F i x e d  a i r f o i l s ,  ro to r  b l a d e s ,  and p r o p e l l e r s  a r e  b e i n g  s t u d i e d .  I n  t h e s e  
s t u d i e s ,  t h e  adhes ive  shear  s t r e n g t h  o f  t h e  impac t  i c e  i s  an i m p o r t a n t  parame- 
t e r .  Sur face roughness and t h e  s t a t i s t i c a l  n a t u r e  o f  t h e  d a t a  must  be c o n s i d -  
e r e d .  For r o t a t i n g  s u r f a c e s ,  n o t  o n l y  i s  t h e  adhes ive  s t r e n g t h  i m p o r t a n t  b u t  
a l s o  t h e  t e n s i l e  s t r e n g t h  o f  t h e  i c e  p e r p e n d i c u l a r  t o  t h e  d i r e c t i o n  o f  g r o w t h .  
A t  t h e  p r e s e n t  t i m e ,  t h e  f i n i t e  e lemen t  a n a l y s i s  o f  r o t a t i n g  a i r f o i l s  i s  b e i n g  
emphasized. A n a l y t i c a l  r e s u l t s  w i l l  be compared t o  r e c e n t  d a t a  from t h e  OH-58 
t a i l  ro tor  t e s t s  i n  t h e  I R T .  The s t a t i s t i c a l  n a t u r e  o f  t h e  f r a c t u r e  o f  i m p a c t  
i c e  w i l l  be c o n s i d e r e d  i n  t h e  a n a l y s i s .  
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The NASTRAN f i n i t e  e lement  code was a l s o  used t o  p r e d i c t  d e i c i n g  of an 
E I D I  i c e  p r o t e c t i o n  s y s t e m ,  f o r  wh ich  e x p e r i m e n t a l  d a t a  was a v a i l a b l e  
( R e f .  46 ) .  Even though a d d i t i o n a l  c o r r e l a t i o n s  w i t h  o t h e r  d a t a  a r e  needed, 
r e s u l t s  from t h i s  i n i t i a l  s t u d y  were encourag ing .  

There i s  a p o s s i b i l i t y  t h a t  a f r a c t u r e  mechanics approach c o u l d  be used 
t o  p r e d i c t  t h e  p e a l i n g  o f  i c e  from d e i c i n g  systems such as a pneumat ic  b o o t .  
Da ta  o b t a i n e d  from p e a l i n g  measurements i s  b e i n g  reduced t o  o b t a i n  t h e  c r i t i c a l  
s t r e s s  i n t e n s i t y  c o n s t a n t  o f  f r a c t u r e  mechan ics .  
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FIGURE 2. - EESS CONDUCTOR GEOMETRY. 

FIGURE 3. - EESS CONDUCTORS EMBEDDED IN ELASTOMERIC BOOT. 
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FIGURE 4. - EIDI COILS IN LEADING EDGE. 
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FIGURE 6.  - AERODYNAMIC PERFORMANCE DEGRADATION DUE TO ICING. 
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FIGURE 7. - KEY ASPECTS OF AIRFOIL ICING. 
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FIGURE 8. - DROPLET COLLECTION EFFICIENCY COMPARISONS. 
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FIGURE 9. - CONTROL VOLUME ANALYSIS OF ICE ACCRETION PROCESS. 
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FIGURE 10. - COMPARISON OF ICE SHAPE PREDICTIONS WITH AIRFOIL ICING DATA. 
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FIGURE 11. - EFFECT OF TOTAL TEMPERATURE ON ICE SHAPE 
AND DRAG. 
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FIGURE 15. - PROPOSED NEW PHYSICAL MODEL FOR ICING PROCESS, 
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T = 50 SEC 

FIGURE 16. - CLOSE-UP PHOTO OF I C E  FORMED AT -2 'C. 
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( A )  NORMAL LEWICE AT 45, 105, 
AND 150 SEC.  

(B) EXPERIMENTAL RESULT AT 30, 90, 
AND 150 SEC. 

(C)  MODIFIED LEWICE AT 45, 105, AND 
150 S E C .  

FIGURE 17.  - EXPERIMENTAL ICE SHAPE 
COMPARED TO MODIFIED LEWICE PRE- 
D I  CT LONS , 
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FIGURE 18. - CODE VALIDATION DATA BASE FOR ICED AIRFOIL PERFORMANCE. 
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FIGURE 22. - INCREASE I N  WING SECTION DRAG DUE TO I C E  
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83-10. 
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FIGURE 26. - 'STYROFOAM ICE '  BONDED TO LEADING EDGE OF HORIZONTAL TAIL. 

-1.4 

-1.6 

al 
G o  

V 
r -1.8 

-2.0 

-2.2 

- FLAPS: 0 DEG 

- Q15,$@P 0 
o w  Q Q  0 

- 

0 Cnbe 
Q 

0 CMbe ICE 
20 ERRORS 

- 9 Po 
I I I I Q 9, 



ICED OH-58 T A I L  ROTOR R I G  I N  IRT END VIEW OF TYPICAL OH-58 
ROTOR BLADE ICE SHAPE 

OH-58 T A I L  
ROTOR R I G  DRIVE 

SYSTEM 

NEXT ROTOR TEST I N  IRT:  
SIKORSKY POWERED FORCE 
MODEL WITH 6-COMPONENT 
INTERNAL FORCE BALANCE 

FIGURE 28. - ROTORCRAFT ICING TESTS I N  NASA IRT. 

FIGURE 29. - I C E  ACCRETION ALONG SPAN OF OH-58 T A I L  ROTOR. 
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ICING TEST IN THE NASA IRT. 
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FIGURE 31. - BOEING 737-200 ADV HALF MODEL WITH GROUND PLANE, INSTALLED I N  NASA I R T .  
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FIGURE 32. - FRONT VIEW OF 2D AIRFOIL MODEL (BOEING 737-200 ADV) INSTALLED BETWEEN SPLITTER WALLS IN NASA IRT. 
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FIGURE 33. - LIFT LOSS OF EXPERIMENTAL TYPE I1 GROUND 
DEICING FLUIDS COMPARED WITH ORIGINAL TYPE I (1) AND 
TYPE I1  (3) FLUIDS. 
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(A>  COMPONENTS OF THE CALIBRATOR, 

(B> CALIBRATOR ATTACHED TO FSSP. 

FIGURE 34. - ROTATING PINHOLE CALIBRATOR. 
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FIGURE 35. - CALIBRATION OF FSSP USING ROTATING 
PINHOLES . 
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FIGURE 36. - CALIBRATION ACCURACY OF THE EXTENDED- 
RANGE FSSP. 
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FIGURE 37. - CALIBRATION CURVE FOR THE OAP USING THE ROTATING RETICLE. 
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FIGURE 38. - SCHEMATIC OF NASA ICING RESEARCH TUNNEL FLOW CIRCUIT. 
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FIGURE 40. - OPERATING ENVELOPE FOR THE NASA IRT 
CLOUD AT 250 MPH. 
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FIGURE 41. - A I R F O I L  WITH HEAT TRANSFER GAUGES SHOWN 
MOUNTED ON THE TWIN OTTER. 
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FIGURE 42. - COMPARISON OF HEAT TRANSFER BETWEEN 
FLIGHT AND NASA I R T .  
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